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CHAPTER I 

 

INTRODUCTION 

 

1.1 Semiconductor Nanomaterials 

Nanomaterials are materials with at least one dimension on the scale of sub-100nm. Producing 

materials in the nano-size regime results in properties different from their bulk counterparts. With 

an increase in the number of dimensions that are spatially confined, more charge carriers within a 

semiconductor are confined and the effects of confinement become more evident. Quantum dots 

belong in the group of 0-D nanomaterials, in which particles exhibit confinement in all three 

dimensions.1 

Quantum dots (QDs) exhibit interesting electronic and optical properties due to confinement 

relative to their bulk counterparts. In order to understand the properties of semiconductor 

nanomaterials, one must understand the energy band structure of bulk semiconductors, which lies 

between that of conductors and insulators. The valence and conduction bands overlap in 

conductors, resulting in highly mobile electron movement, while the valence and conduction bands 

in insulators are largely offset, resulting in a loss of conduction. Semiconductor materials have a 

small energy gap between the valence and the conduction bands, also known as the band gap and 

are, therefore, not always conductive. However, dependent upon the material and therefore the size 

of the band gap, if enough energy is input into the system, an electron and hole are generated in 

the valence band and conduction band respectively. As the electron-hole pair approach one another 

at a distance closer than the Bohr exciton diameter, an exciton pair is generated. The electron orbits 



 2 

the hole at a distance that balances the Coulombic interaction. This distance is known as the Bohr 

exciton diameter.1,2 

Semiconductor nanomaterials gain new properties from their bulk counterparts due to the fact that 

the size of the material is reduced to less than the Bohr exciton diameter.3 Therefore, properties of 

the material are caused not only by the band gap which is dictated by the identity of the material, 

but also by the size of the particle. The size of a quantum dot constrains the distance of electron-

hole pair separation resulting in the increase in the energy required to generate the exciton. From 

this increase in energy arises size- and shape-tunable absorption and emission properties. 

The idea that electronic properties of small materials are different from those of their bulk 

counterparts was first proposed in 1984 by Louis E. Brus. As the size of semiconductor 

nanomaterials is decreased below the Bohr exciton diameter, quantization of the band gap energy 

occurs. With decrease in particle size, the exciton increases in energy of the excite state, which 

leads to a decrease in wavelength of light absorbed and emitted by the particles. Brus modeled this 

energy quantization in quantum dots as: 

 

𝐸"# = 	
ℏ'𝜋'

2𝑅' +
1
𝑚"

+
1
𝑚/

0 −
1.8𝑒'

𝜀'𝑅
+
𝑒'

𝑅 6 𝛼8 +
𝑆
𝑅0

'8:

8;<
 

 

in which ℏ	is	the	reduced	Planck’s	constant,	R	is	the	radius	of	the	nanocrystal,	𝑚"	and	𝑚/	are	

the	 effective	masses	 of	 the	 electron	 and	hole	 respectively,	 e	 is	 the	 absolute	 charge	 of	 an	

electron,	𝜀'	 is	 the	dielectric	constant	of	 the	semiconductor	material,	𝛼8	 is	a	constant	 that	

relates	the	dielectric	constants	of	the	semiconductor	material	and	the	surrounding	medium,	

and	 S	 is	 the	wavefunction	 that	 describes	 the	 position	 of	 the	 electron	 and	 hole	 in	 the	 1S	
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exciton.1	The	first	term	of	this	equation	relates	to	the	quantization	energy	of	the	electron-

hole	pair	spacing,	reminiscent	of	Schrödinger’s	particle-in-a-box,	in	which	the	length	of	the	

box	in	inversely	correlated	to	the	difference	in	energy	levels.	The	second	term	relates	to	the	

Coulombic	 attraction	 of	 the	 positive	 and	 negative	 charge	 carriers.	 The	 third	 term	 is	 the	

perturbation	of	the	electrons	around	the	exciton.	The	value	of	the	first	term	is	largely	affected	

by	 the	 size	 of	 the	 QD	 due	 to	 the	 presence	 of	 the	 value	 of	 the	 nanocrystal	 radius	 in	 the	

denominator.	As	the	size	of	the	QD	gets	smaller,	this	term	will	increase	resulting	in	the	large	

observable	change	in	the	band	gap	and	therefore	changes	to	QD	absorbance	and	fluorescence	

as	a	direct	result	of	the	change	in	size.	

	

	

Figure 1.1  As the size of a QD gets smaller, the distance between the conduction band and the 
valence band, and therefore the band gap, increases. 
	



 4 

The	introduction	of	new	electronic	and	optical	properties	in	semiconductor	nanomaterials	

as	well	as	our	ability	to	synthesize	QDs	with	different	materials	and	in	different	shapes	and	

sizes	 allows	 for	 their	 use	 in	 a	 broad	 spectrum	of	 applications.	 These	 include	but	 are	not	

limited	to	lighting,	displays,	solar	cells,	solar	concentrators,	biological	labeling,	and	lasers.4-

18,89-93	 Semiconductor	 nanocrystals	 can	 also	 be	 easily	 deposited	 on	 a	 wide	 variety	 of	

substrates,	 including	flexible	substrates,	 through	reel-to-reel	printing,	spray	painting,	and	

ink-jet	printing	allowing	for	greater	use	of	semiconductors	in	industrial	applications.9	

Cadmium	selenide	(CdSe)	nanocrystals	are	ubiquitous	in	nanoscience	and	are	currently	the	

most	 thoroughly	 studied	 QD	 system.84-86	 CdSe	 QDs	 have	 been	 optimized	 for	 various	

applications	 through	 changes	 in	 shape	 and	 size,	 surface	 ligands,	 crystal	 structure,	 and	

various	 shell	materials.	Because	 its	Bohr	 exciton	diameter	 is	 11.2	nm,	CdSe	nanocrystals	

smaller	than	11.2	nm	exhibit	quantum	confinement,	resulting	 in	a	change	 in	 fluorescence	

with	change	 in	size	covering	 the	 full	visible	spectrum.	Ultrasmall	CdSe	QDs	can	also	emit	

white	light	due	to	surface	state	emission.19-21,87,88  
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Figure	1.2	CdSe	nanocrystals	of	various	sizes,	from	ultrasmall	white	light	emitting	to	7	nm	
red	emitting	QDs,	used	to	demonstrate	size-dependent	quantum	confinement.	

	

	

Figure	1.3	Semiconductor	nanocrystals	are	more	easily	deposited	compared	to	 their	bulk	
counterparts	on	various	types	of	substrates	through	reel-to-reel	printing,	spray	painting,	and	
ink-jet	printing.9	
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While	 CdSe	 QDs	 are	 largely	 popular,	 they	 are	 highly	 toxic94	 due	 to	 their	 heavy-metal	

composition;	therefore,	research	has	shifted	to	other	materials	for	non-toxic	QDs	that	emit	

in	 the	 visible	 spectrum	 for	 industrial	 applications.22,99	 Copper-,	 indium-,	 and	 zinc-based	

semiconductor	nanocrystals	 have	been	 the	main	 focus	of	 these	 studies	due	 to	 their	 size-

tunable	 absorption	 and	 emission	 from	 quantum	 confinement.23-28,95-98	 Commercial	

applications	have	been	developed	using	these	non-toxic	QDs,	such	as	Samsung’s	QLED TVs 

and Kindle Fire tablets; however, research to improve colloidal and fluorescence stability similar 

to their CdSe counterparts continues to be of great interest to the research community.	

	

1.2 Ferroelectric Materials 

Inducing ferroelectric properties introduces a plethora of applications to the already ever-growing 

list of quantum dot applications. The ability to change the polarization of ferroelectric materials 

through electric, thermal, and mechanical energy allows for their use in ferroelectric random access 

memory, energy harvesters, actuators, transducers, capacitors, and microelectromechanical 

devices.29-40,65-76 Change in polarization due to change in mechanical energy results in their inherent 

piezoelectric properties while change in polarization due to change in thermal energy results in 

their inherent pyroelectric properties. These piezo- and pyroelectric materials have been used for 

energy harvesting in roads, floor tiles, shoes, and electronics in order to extend the lifetime for 

lighting and batteries for electronics. Ferroelectric random access memory (FRAM) uses the 

positive and negative polarization of ferroelectric materials and assigns them to binary 1s and 0s. 

The presence of a remnant polarization once the external electric field is removed and the ability 

to generate memory with only small atomic movements results in fast, non-volatile electronic 

memory; the best of both worlds from the already existing random access memory (RAM) and 
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read-only memory (ROM). While FRAM already exists, it is very expensive to synthesize in bulk; 

therefore, synthesizing nano-ferroelectrics would allow for the use of this remarkable technology 

in industry.30,41 

Ferroelectric properties arise due to the presence of a non-centrosymmetric crystal structure with 

a permanent dipole that is reversible with the addition of an electric field. Due to the fact that all 

crystal classes with a non-centrosymmetric crystal structure are piezoelectric, all ferroelectrics are 

inherently piezoelectric. All ferroelectrics are also inherently pyroelectric, because non-

centrosymmetric crystal structures with a permanent dipole moment exhibit pyroelectric 

properties. Therefore, in ferroelectric crystal structures, we have the ability to change the 

polarization of the material through changes in electric, thermal, and mechanical energy. When 

applying a positive or negative external electric field, ferroelectrics generate a positive or negative 

saturation polarization. Once the external electric field is removed, ferroelectrics require less 

energy to settle in either a slightly positive or slightly negative remnant polarization than in a zero 

polarization. The point at which a positive or negative applied electric field results in a net 

polarization of zero is called the coercive field, at which the numbers of positive and negative 

domains within the crystal structure are equal.37-40  
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Figure 1.4 Once an external electric field is removed, ferroelectrics require less energy to settle in 
a positive or negative position remnant polarization rather than a zero polarization. Above is an 
example of a perovskite, tetragonal crystal structure, in which the central atom naturally rests, not 
in the center, but in a positive or negative position. 
 

The most commonly referenced nano-ferroelectric material is barium titanate (BaTiO3), which has 

a perovskite crystal structure and has been utilized in capacitors and data-storage devices. Bulk 

BaTiO3 has been prepared by glycothermal and hydrothermal syntheses, while nanoscale BaTiO3 

has been synthesized by glycothermal treatment. A negative aspect of this material is the 

dependence of its ferroelectric response on size. Specifically, as the diameter for BaTiO3 is reduced 

to about 10-30 nm, the crystal structure has been observed to shift from a tetragonal to a cubic 

phase, which are non-centrosymmetric and centrosymmetric respectively.42-46,77-80 This shift results 

in the loss of ferroelectric properties with decrease in size. This highlights the importance of 

maintaining the crystal framework at the nanoscale in order to retain ferroelectric behavior. While 

other nano-ferroelectrics have been studied alongside BaTiO3, they often require more complex 

synthetic techniques, which include nano-imprint lithography, sol-gel methods, or template 
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directed bottom-up synthesis.47 Pre-synthesizing nanocrystals and inducing ferroelectricity 

through a simple cation exchange reaction is a simple solution to the loss of ferroelectricity due to 

crystal structure changes with decrease in size.  

 

 

Figure 1.5 A cubic crystal structure is centrosymmetric and therefore not ferroelectric, while a 
tetragonal crystal structure is non-centrosymmetric and therefore ferroelectric due to the positive 
or negative position of the central atom. 
 
 

Dr. Toshia Wrenn discovered the emergence of ferroelectric properties due to a room-temperature 

cation exchange when studying the effects of doping semiconductor nanocrystals with antimony. 

Rather than exhibiting typical doping effects that occur in bulk semiconductors, the nanoparticles 

flocculated and were attracted to a van der Graaf generator wand that produced an external electric 

field. In this synthesis, percent cation exchange and therefore ferroelectric saturation polarization 

was controlled by the time at which the reaction was allowed to occur. Saturation polarization was 

optimized at about 12h and quantitative ferroelectric analysis was performed using a Sawyer-

Tower circuit while elemental analysis was performed through STEM-EDS.48 
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Figure 1.6 Qualitative demonstration of ferroelectricity in which antimony-treated QDs react to an 
external electric field produced by a finger.48 
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1.3 Overview 

This work looks at the optimization of the synthesis of ferroelectric semiconductor nanocrystals 

through cation exchange. Chapter 2 discusses the experimental techniques used in the work 

covering various nanoparticle syntheses, cation exchange, and optical, visual, and electronic 

characterizations. Chapter 3 covers the optimization of ferroelectric properties through variations 

in the cation exchange synthesis. The identity of the cations and the concentration of the metal 

chloride salt solutions used in cation exchange were varied in order to optimize saturation and 

remnant polarization as well as crystal structure retention. Chapter 4 discusses the removal of 

byproducts through small changes in the cation exchange synthesis as well as the retention of 

colloidal stability through ligand exchange. Chapter 5 discusses fluorescence retention through 

performing cation exchange reaction in a protective CdS shell in order to prevent defects within 

the fluorescent CdSe core. Chapter 6 examines non-toxic alternatives that allow for the use of 

ferroelectric quantum dots in industrial applications. Chapter 7 reflects on this work and provides 

thoughts on the implementation of the ideas learned in this work in InP/ZnSe systems for the 

formation of non-toxic, fluorescent, ferroelectric semiconductor nanocrystals.  
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CHAPTER II 

 

EXPERIMENTAL 

 

2.1 Ferroelectric Optimization through Variation in Exchange Cation Solution 

 

2.1.1 Synthesis of CdSxSe1-x alloyed QDs 

The synthesis of the CdSxSe1−x alloyed QDs was based on the syntheses of Aubert, Keene, and 

Harrison.49-51 Sulfur and selenium precursor solutions with 1 M concentrations were prepared 

beforehand. The sulfur precursor was obtained by mixing 0.32 g of sulfur in 10 mL of octadecene 

(ODE). The solution was purged with argon for 15 min; then, the solution was heated with a heat 

gun until the sulfur dissolved completely. The selenium precursor was obtained by mixing 0.79 g 

of selenium powder in 10 mL of ODE. The solution was purged with argon for 15 min and shaken 

vigorously to disperse the powder just before injection. For the synthesis of the CdS0.7Se0.3 alloyed 

QDs, 0.39 g of cadmium oxide was mixed with 2.06 g of myristic acid (MA) in 30 mL of ODE. 

The solution was placed in a 100 mL three-neck round-bottom flask equipped with a bump trap 

and a temperature probe. The reaction was purged with argon and heated to 270 °C, with a purge 

needle inserted until the reaction temperature reached 130 °C to release water generated from the 

reaction. Once the reaction reached 270 °C and the solution became completely colorless, 3 mL of 

7:3 sulfur/selenium precursor solution was injected and the temperature was lowered to 260 °C. 

The crystals were allowed to grow for 2 hours and quenched by removing from heat and cooling 
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the flask with compressed air. The QDs were precipitated by an addition of isopropanol and 

centrifuged for 5 min at 7500 rpm. The QDs were then re-dispersed in toluene and the MA on their 

surface was exchanged by the addition of a 10-fold excess of oleic acid (OA). Purification was 

repeated three times with toluene and ethanol as the solvent and antisolvent, respectively. The 

resulting CdSSe nanoparticles were primarily a zinc blende crystal structure.  

 

2.1.2 Cation Exchange with Various Metal Chloride Salts 

This CdSSe cation exchange synthesis of the ferroelectric nanoparticles was based on the 

previously reported Wrenn et al. cation exchange synthesis on CdSe nanocrystals of the same 

crystal structure with adjustments made to solvents, concentrations, and cations used.48 In order to 

avoid precipitation of cadmium chloride hydrate byproducts during cation exchange, the salts were 

dissolved in ethanol instead of toluene to form metal chloride precursors. The 2.5 mM 

antimony(III) chloride precursor was obtained by dissolving the SbCl3 salt in 25 mL of ethanol in 

a glass vial and shaking until fully dissolved. Finally, the previously synthesized QDs were diluted 

to 0.45 mM in toluene and 1 mL of this solution was injected into the vial containing the salt− 

ethanol solution and shaken to mix. The cation exchange reaction was allowed to occur for 24 

hours, then the vials were centrifuged for 3 minutes at 3000 rpm, and the supernatant was decanted. 

This synthesis was also carried out using 2.5 mM tin(II) chloride, gold(III) chloride, and tin(IV) 

chloride solutions in ethanol as well as tin(IV) chloride solutions of varying concentrations from 

1.5 mM to 20 mM. 
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2.2 Fluorescence Retention 

 

2.2.1 CdSe Nanoparticle Synthesis 

The synthesis of the CdSe zinc blende QDs was based on the synthesis of Shen et al.52 The 

selenium precursor solution was prepared beforehand by combining 15 mg of selenium and 3 mL 

of ODE. The solution was purged with argon for 15 minutes then shaken vigorously to disperse 

the powder before injection. For the synthesis of CdSe QDs, 26 mg of CdO was mixed with 3 mL 

of OA and 3 mL of ODE. The solution was placed in a 50 mL three-neck round-bottom flask 

equipped with a bump trap and a temperature probe. The reaction was purged with argon and 

heated to 270°C, with a purge needle inserted until the reaction temperature reached 130°C to 

release water generated from the reaction. Once the reaction reached 270°C and the solution 

became completely colorless, the selenium precursor solution was injected and the temperature 

was lowered to 250°C. The crystals were allowed to grow for 3 minutes and quenched by removing 

from heat and cooling the flask with compressed air. The QDs were precipitated by an addition of 

a 1:1 ethanol/acetone mixture and centrifuged for 5 min at 7500 rpm. Purification was repeated 

three times with toluene and ethanol as the solvent and antisolvent respectively. The final, washed 

CdSe nanoparticles were redispersed in toluene. 

 

2.2.2 CdSe/CdS core-shell synthesis 

The synthesis of core-shell CdSe/nCdS QDs through the SILAR approach was based on the 

syntheses of Peng and Hollingsworth.53,54 Cadmium oleate and sulfur precursor solutions with 0.2 

M concentrations were prepared beforehand. The Cd-oleate precursor was prepared by mixing 2 

mmol of both CdO and oleic acid in 10 mL of ODE. The solution was purged with argon and 
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heated to 250°C while stirring until the CdO dissolved and the solution became colorless. The 

sulfur solution was prepared by mixing 2 mmol of sulfur and 10 mL of ODE. The solution was 

purged with argon for 15 min and heated with a heat gun until the sulfur dissolved completely. 

The quantity of precursors for growing each monolayer of shell was calculated using the procedure 

by Hollingsworth et al. A 100 mL three-neck round-bottom flask equipped with a bump trap and 

a temperature probe was loaded with 1.5 g of octadecylamine (ODA) and 10 mL of ODE and 

purged with argon at 150°C for one hour. The flask was injected with ∼1 × 10−5 mol of washed 

4.5 nm CdSe cores and purged again with argon for 30 min. The purge needle was removed and 

the solution temperature was increased to 245°C. Growth times were 1 h following each sulfur 

addition and 3 h following each cadmium addition. Once the desired shell thickness was achieved, 

the reaction was quenched by removing heat and cooling the flask with compressed air. The 

resulting QDs were precipitated by the addition of acetone and centrifuged for 5 min at 7500 rpm. 

Purification was repeated three times with toluene and acetone as the solvent and antisolvent 

respectively. The final, washed CdSe/CdS core-shell nanoparticles were redispersed in toluene. 

 

2.2.3 Cation Exchange 

The cation exchange synthesis of zinc blende ferroelectric nanoparticles was based on the 

previously reported Bradsher, Wrenn, and Rosenthal cation exchange syntheses on CdSe QD and 

CdS0.7Se0.3 alloyed QD.48,55 The 2.5 mM tin(IV) chloride precursor was obtained by dissolving 

SnCl4 in 25 mL of ethanol in a glass vial and shaking until fully dissolved. Synthesized CdSe and 

CdSe/CdS QDs were diluted to 0.45 mM in toluene and 1 mL of this solution was injected into the 

vial containing the SnCl4-ethanol solution and shaken to mix. The cation exchange reaction was 

allowed to occur for 24 h, then the vials were centrifuged for 3 min at 3000 rpm, and the 
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supernatant was decanted. The ferroelectric QDs were then redispersed in toluene and the 

aggregation due to ligand displacement by chlorine was reversed by the addition of a 10-fold 

excess of TOP. The TOP-capped ferroelectric QDs precipitated by an addition of a 9:1 

acetone/ethanol mixture and centrifuged for 3 min at 3000 rpm. Purification was repeated three 

times with toluene and ethanol as the solvent and antisolvent respectively. The final, washed TOP-

capped ferroelectric QDs were redispersed in toluene. 

 

2.3 Non-toxic Ferroelectric Semiconductor Nanoparticles 

 

2.3.1 ZnSe Nanoparticle Synthesis 

The synthesis of zinc blende ZnSe QDs was based on the synthesis of O’Brien.56 A 100 mL three-

neck round-bottom flask was loaded with 0.4 mmol of zinc-stearate, 0.4  mmol of selenium, and 

26 mL of ODE. The reaction was purged with argon and heated to 295°C, with a purge needle 

inserted until the reaction temperature reached 130°C to release water generated from the reaction. 

Once the reaction reached 295°C the QDs were allowed to grow for 1 h. The QDs were precipitated 

by an addition of a 9:1 acetone/methanol mixture and centrifuged for 5 min at 7500 rpm. 

Purification was repeated three times with toluene and methanol as the solvent and antisolvent 

respectively. The final, washed ZnSe nanoparticles were redispersed in toluene. 

 

2.3.2 Cation Exchange 

The cation exchange synthesis of zinc blende ferroelectric nanoparticles was based on the 

previously reported Bradsher, Wrenn, and Rosenthal cation exchange syntheses on CdSe QD and 

CdS0.7Se0.3 alloyed QD.28,55 The 2.5 mM tin(IV) chloride precursor was obtained by dissolving 
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SnCl4 in 25 mL of ethanol in a glass vial and shaking until fully dissolved. Synthesized ZnSe QDs 

were diluted to 0.45 mM in toluene and 1 mL of this solution was injected into the vial containing 

the SnCl4-ethanol solution and shaken to mix. The cation exchange reaction was allowed to occur 

for 24 h, then the vials were centrifuged for 3 min at 3000 rpm, and the supernatant was decanted. 

The ferroelectric QDs were then redispersed in toluene and the aggregation due to ligand 

displacement by chlorine was reversed by the addition of a 10-fold excess of TOP. The TOP-

capped ferroelectric QDs precipitated by an addition of a 9:1 acetone/ethanol mixture and 

centrifuged for 3 min at 3000 rpm. Purification was repeated three times with toluene and ethanol 

as the solvent and antisolvent respectively. The final, washed TOP-capped ferroelectric QDs were 

redispersed in toluene. 

 

2.4 Characterization 

Thorough characterization of ferroelectric QDs was performed to analyze their photophysical 

properties, size, shape, elemental composition, crystal structure, and ferroelectric properties. 

Absorption and emission measurements provide information about QD size, color, and 

fluorescence quantum yield. Transmission electron microscopy and energy dispersive x-ray 

spectroscopy allows for analysis of size, shape, structure, monodispersity, and composition of 

QDs. X-ray diffraction provides information on crystal structure and disorder within the crystal. 

A Sawyer-Tower circuit allows for quantitative analysis of ferroelectric properties of the overall 

QD samples. 
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2.4.1 Static Optical Absorption and Emission  

All synthesized QDs are initially characterized using static optical absorption and 

photoluminescence to determine the band gap and emission wavelength. For the more well-studied 

QD systems, such as CdSe, sizing curves have been developed that allow for the size of the 

nanocrystals to be determined just from absorption data.57 Additionally, the sample’s optical 

density determines how much light is being absorbed by the QDs at a specific wavelength. 

Absorption spectra were obtained using a Varian Cary 50 UV-Vis spectrophotometer and 

photoluminescence spectra were obtained with an ISS PC1 Photon Counting Spectrofluorimeter 

or a Photon Technology International QuantaMaster 40. 

 

2.4.2 Photoluminescence Quantum Yield 

Photoluminescence quantum yield (PLQY) is a measurement of quantum dot efficiency and 

therefore their brightness. Higher PLQY means more efficient radiative recombination of charge 

carriers. Explicitly, PLQY measures the ratio of photons absorbed by the QD to photons emitted: 

 

𝑃𝐿𝑄𝑌 = 	
#	𝑝ℎ𝑜𝑡𝑜𝑛𝑠	𝑒𝑚𝑖𝑡𝑡𝑒𝑑
#	𝑝ℎ𝑜𝑡𝑜𝑛𝑠	𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑑 	𝑥	100	% 

 

Measurements were taken using the single point calibration method using a laser dye (typically 

rhodamine 6G) which have a known PLQY. The absorbance of both the QDs and the reference 

dye were obtained at the excitation wavelength using a Varian Cary 50 UV-Vis spectrophotometer 

to ensure both had an optical density between 0.09 and 0.1. Their fluorescence was then obtained 

with a Photon Technology International QuantaMaster 40 and the area under the curve integrated. 

The QD sample’s PLQY is then determined with the following equation: 
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Where the subscript R is associated with values for the reference dye, I is the integrated 

fluorescence intensity, OD is the optical density or absorbance of the sample at the excitation 

wavelength, and n is the refractive index of the solvent.58 

 

2.4.3 Transmission Electron Microscopy and Energy Dispersive X-ray Spectroscopy 

High-resolution transmission electron microscopy (TEM) and scanning transmission electron 

microscopy with energy dispersive spectroscopy (STEM-EDS) images were taken on a FEI Tecnai 

Osiris transmission electron microscope operating at 200 keV. TEM allows for analysis of size 

and shape of the QDs as well as monodispersity. EDS provides information provides information 

on QD composition through x-rays that are given off by the QDs after their interaction with 

electrons in the TEM. The Tecnai Osiris is equipped with ChemiSTEM technology to perform 

elemental mapping through STEM-EDS on the nanoscale. EDS spectra were analyzed 

quantitatively using Bruker Espirit 1.9 software. To determine the average diameter of a sample 

of nanocrystals, 100–200 of the imaged nanocrystals were measured along long axis using 

ImageJ.59 Samples were prepared by placing a drop of nanocrystals diluted in toluene to an optical 

density of <0.1 onto an ultrathin carbon supported by a Lacey carbon film on a 400-mesh copper 

TEM grid (Ted Pella, Inc.), wicking away any excess solvent. 
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2.4.4 X-ray Diffraction  

X-ray diffraction (XRD) allows for analysis of crystal structure of the overall QD sample as well 

as crystal structure retention before and after cation exchange. XRD scans were obtained using a 

Rigaku SmartLab X-ray diffractometer with a Cu source (λ = 1.54056 Å), D/teX Ultra 250, and 

an amorphous glass sample support, using a step-size of 0.1° and scan speed of 1°/min. 

 

2.4.5 Sawyer-Tower Circuit 

A Sawyer-Tower circuit provides quantitative information about the saturation polarization, 

remnant polarization, and coercive field of the overall QD sample. Polarization response was 

measured utilizing a sandwich cell consisting of two indium tin oxide-coated glass slides separated 

by a 180 μm spacer with an active area of 1 cm2, compressed around a concentrated paste of 

particles in ethanol and dried with a heat gun to remove the solvent and seal the system. The 

sandwich cells were connected to a traditional Sawyer-Tower circuit, consisting of a Tektronix 

AFG 3021C function generator and a Tektronix DPO 3034 oscilloscope. A triangular waveform 

of ±10 V was applied to the circuit and the voltage input and the voltage drop across a 10 μF 

reference capacitor in series with the cell were used to determine the polarization and electric field 

across the samples.60,61 
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Figure 2.1 Diagram of a Sawyer-Tower circuit consisting of a function generator, an oscilloscope, 
a reference capacitor, and a ferroelectric sample sandwiched between two indium tin oxide-coated 
glass slides. 
 

  

Figure 2.2 a) A ferroelectric sample sandwiched between two ITO-coated glass slides and b) the 
Sawyer-Tower circuit used to measure quantitative ferroelectric properties.  

sample 

10 µF reference 
capacitor 

a) b) 
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CHAPTER III  

 

MODULATING FERROELECTRIC RESPONSE THROUGH CATION EXCHANGE 

 

3.1 Introduction 

Cadmium selenide and cadmium sulfide nanocrystals can be synthesized in either zinc blende or 

wurtzite crystal structures. Materials with a zinc blende crystal structure, which belong to the 

crystal class 4�3m, are non-centrosymmetric and therefore piezoelectric. Zinc blende nanocrystals, 

while non-centrosymmetric, are neither pyroelectric nor ferroelectric due to the lack of a 

permanent dipole. Wurtzite materials belong to the 6mm crystal class and are non-centrosymmetric 

with a permanent dipole resulting in the inherent pyroelectric properties.62 The main focus of this 

research is conducted on nanocrystals with a zinc blende crystal structure. 

With the occurrence of cation exchange within this crystal structure, ferroelectric properties 

emerge due to the formation of a dipole because of a difference in cation electronegativity. 

Dissimilarity in electronegativity between the exchanged cation and the native cadmium creates 

small atomic displacements in the crystal structure, yielding permanent dipoles throughout the 

crystal structure at each substitution point.  With the introduction of an electric field, these 

structure-induced dipoles can be polarized, aligning all of the small atomic displacements within 

the crystal. Cation exchange performed at room temperature with metal chloride salts of various 

sizes and identities revealed this effect. Differences in charge between cadmium and the exchanged 

cations causes the formation of localized permanent dipoles, resulting in the emergence of 

pyroelectric properties, as anions and cations shift within the crystal structure to compensate for 

the changed electrostatic attraction and repulsion. Ferroelectric response of the particles under an 
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applied field also emerges depending on the number of localized permanent dipoles, or the amount 

of cations exchanged, as well as the strength of the changed electrostatic attraction between cations 

and anions, or the difference in electronegativity and charge between the native cadmium and 

exchanged cations.  

 

 

Figure 3.1 Structural depiction of cation exchange (right). With difference in the charge and 
electronegativity between the exchanged cation and the native cadmium within the zinc blende 
crystal structure, the remaining cadmium cations are repulsed by the cations exchanged. Cation 
movement (small purple and green arrows) because of this repulsion can occur in two directions, 
which can be affected by an applied electric field (large purple and green arrows). Similar but 
inverted distortions are expected for the anions around the exchanged cation (not shown). 
Dipoles (red and blue arrows) cancel in the original crystal structure (left), but a permanent 
dipole is formed through cation exchange (right). 
 
 

3.2 Dependence of Ferroelectric Response on Cation Identity 

Cation exchange syntheses were performed using various metal chloride salts including antimony 

(III) chloride, which was used in Dr. Wrenn’s original synthesis, as well as tin (II) chloride, gold 

(III) chloride, and tin (IV) chloride. Aggregation occurred due to displacement of oleic acid ligands 

by chlorine anions. Subsequently, cation exchange took place between the metal cation and the 
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native cadmium in the original QDs, as shown through STEM-EDS imaging in Figure 3.2.63 TEM 

images and EDS spectra as well as XRD of QD aggregates after each cation exchange reaction 

were also analyzed. 

 

Figure 3.2 STEM−EDS maps of CdSSe nanocrystals after undergoing partial cation exchange 
with tin(II), antimony(III), gold(III), and tin(IV). Chlorine was present in all samples because of 
particle surface ligand displacement by the chlorine anions from the salts used in the cation 
exchange process. 
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Ferroelectricity emerged with each cation exchange reaction; however, remnant and saturation 

polarization values varied. These values were compared to a control sample of CdSSe before cation 

exchange. The particles’ ferroelectric properties were analyzed qualitatively using a small Van der 

Graaff generator as well as quantitatively using a Sawyer-Tower circuit. Under the small electric 

field generated by the hand-held Van der Graaff generator, the particles in solution begin to move, 

much like magnetic nanoparticles do under a magnetic field. 

Saturation polarization and remnant polarization, as measured with the Sawyer-Tower circuit, 

increased with cation charge, as shown in Figure 3.3. This is likely because of the differences in 

electronegativity between the exchanged cation and the native cadmium. The Mulliken equation 

for electronegativity is used to determine the electronegativity of each cation where c is the 

electronegativity, EI is the ionization energy (kJ/mol), and Eea is the electron affinity (kJ/mol). This 

equation allows for differentiation between the same elements with different oxidation states, for 

example, tin (II) and tin (IV), because of its inclusion of ionizaiton energy values. 

 

𝜒������"8 = (1.97	 ×	10��)(𝐸� + 𝐸"�) + 0.19 
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Figure 3.3 a) Polarization responses within an applied electric field for CdSSe QDs treated with 
various metal chloride salts (SnCl2, SbCl3, AuCl3, and SnCl4). A Sawyer-Tower circuit was used 
to quantitatively measure polarization from ferroelectric nanoparticles. b) Saturation polarization 
dependence on electronegativity of the cation relative to cadmium. Electronegativity values were 
calculated using the Mulliken equation for electronegativity. 
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When applying this equation for electronegativity values of each cation, a positive trend between 

electronegativity and saturation polarization values emerges, as shown in Figure 3.3b (Sawyer-

Tower circuit measurements were performed at a higher sensitivity to improve signal to noise for 

the SnCl2 cation exchange sample). The increase in saturation polarization is due to an increased 

attraction between the anions making up the backbone of the crystal structure and the exchanged 

cations within the tetrahedral holes, causing increased distortion within the crystal structure and 

generating a larger ferroelectric response. The size of the cations used in the cation exchange 

syntheses decreases with increase in electronegativity.64 

 

3.3 Dependence of Ferroelectric Response on Exchange Cation Concentration 

Up to this point, the dependence of saturation and remnant polarization on reaction time and cation 

identity has been determined. In order to further understand the role of concentration in the 

formation of ferroelectric nanocrystals through cation exchange, the degree of ferroelectric 

response was measured as a function of the concentration of tin (IV) chloride. Tin (IV) chloride 

was chosen because it gave the highest saturation polarization values compared to the other cations 

analyzed. The percentage of cations exchanged in the cation identity studies was around 40% for 

each exchanged cation relative to the original cadmium using the original synthesis at which the 

metal chloride solution was a concentration of 2.5 mM. The percentage of cations exchanged in 

the particles for concentration studies was controlled between 30% and nearly 100% as measured 

by quantitative STEM-EDS (Figure 3.4) by increasing the concentration of the tin (IV) chloride 

solution employed. Near complete exchange was achieved by using the highest concentration 

solution employed (20 mM SnCl4) and adding a heating step at 78ºC for 2 hours (Figure 3.4a). The 

ferroelectric characteristics of the resulting particles were measured using a Sawyer-Tower circuit. 
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Figure 3.4 a) Dependence of atomic percent ratio of cations exchanged and cadmium on the 
concentration of the SnCl4 solution used in room temperature cation exchange reactions as 
determined by b) quantitative STEM−EDS. The cation exchange reaction denoted by triangles 
was performed using an alternate procedure in order to allow for a near total cation exchange. 
The SnCl4 and CdSSe mixture was heated to 78 °C for 2 h before allowing to sit for 24 h. All 
other exchanges took place entirely at room temperature. 
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It was hypothesized that with an increase in the ratio of tin (IV) exchanged for the native cadmium 

(II), that the saturation polarization values would increase as well. However, the series of 

ferroelectric hysteresis curves of the particles in figure 3.5 show that rather than a consistent 

increase in ferroelectric polarization values with an increased degree of exchanges, the saturation 

polarization rose as expected until the tin/cadmium ratio reached about 1:1, at which point the 

sample, like the original CdSSe nanoparticles, and gave a dielectric response. This is likely the 

result of a cancellation of dipoles within the zinc blende crystal structure (Figure 3.6). With a 

continued increase in the concentration of the SnCl4 salt solution, the ferroelectric response 

returned and continued to increase as expected as the ratio of tin/cadmium exceeded 1:1 until the 

tin (IV) atomic percent reached near 100%, at which point a dielectric response occurred once 

more due to a cancellation of dipoles (Figure 3.6) as the crystal structure returns to that of the 

original QDs. Another possible cause of the loss of ferroelectric response is due to crystal structure 

disorder, shown in Figure 3.7. 
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Figure 3.5 Polarization response within an applied electric field for CdSSe QDs treated with 
solutions of an increasing concentration of SnCl4. A change in tin(IV) concentrations causes a 
change in the polarization values in the ferroelectric hysteresis, showing that saturation 
polarization and remnant polarization can be controlled through simple changes in tin(IV) to 
cadmium ratios. 
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Figure 3.6 Graphic showing dipole moments affected by cation exchange based on polarization 
response related to atomic percent ratio of tin and cadmium. At lower concentrations, a dipole 
moment forms and once the ratio of cations exchanged with cadmium reaches about 50:50, the 
dipoles cancel. With continued increase in the cations exchanged, a dipole moment forms again 
and once the ratio of cations exchanged with cadmium reaches nearly 100:0, the dipoles cancel 
again. 
 
 

The greater charge and electronegativity of tin (IV) as compared to the native cadmium would 

cause the anions making up the backbone of the zinc blende crystal structure to move closer to the 

exchanged tin (IV) cations within the tetrahedral holes. This contraction of the anions around the 

tin (IV) causes an overal shortening of bonds within the crystal, which can be observed by x-ray 

diffraction. The XRD reflections of a series of CdSSe nanoparticles with an increased ratio of tin 

(IV) to cadmium (II) exchanged show the reflections shift to higher angles, which is associated 

with an decrease in d-spacing and bond length within the crystal structure. Specifically, the (111) 

reflection increased by a 2q of 0.3, the (220) refection increased by a 2q of 0.2, and the (311) 

increased by a 2q of 0.4, shown in Figure 3.7. 
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Crystal structure disorder due to anion movement toward the exchanged tin (IV) cations is 

responsible for the peak broadening and decrease in peak intensity observed in the XRD. There is 

a larger decrease in relative intensity of the (220) peak with increasing exchange with respect to 

the other reflections. Because the (110) plane has a greater number of cations within the plane, 

there is a greater relative increase in exchange-induced disorder. This presence of disorder is 

further shown as the percentage of tin (IV) reaches near 100% and the nanoparticle reaches an 

amorphous glass phase, which could further explain the measured dielectric response. Another 

source of this disorder could be the loss of selenium as a result of the heat applied for the exchange 

to reach near completion. These byproducts were removed using a syringe filter. Overall, it was 

observed that the saturation polarization increased with a higher tin concentration. However, at 

lower concentrations of tin (IV), the remnant polarization is greater and the particles better retain 

crystallinity. 
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Figure 3.7 XRD pattern showing an increase in crystal structure disorder with the addition of 
exchange cations. As the tin(IV) to cadmium(II) ratios increased, the disorder within the crystal 
structure also increased, as shown by peak broadening and a decrease in relative peak intensities 
and a shift to the right as the amount of tin(IV) to cadmium ratios increase (a) 0:100 (b) 33:67 (c) 
49:51 (d) 99:1. The vertical bars are corresponding to JCPDS files for zinc blende CdSe no. 19-
0191 and CdS no. 42-1411. 



 34 

 

3.4 Conclusions 

Formation of ferroelectric nanoparticles through cation exchange gives access to control over 

shape and size as well as ferroelectric properties of ferroelectric nanomaterials. Through variation 

of charge and electronegativity as well as concentration, we’ve gained a greater understanding of 

the emergence of ferroelectric properties through cation exchange. Cation exchange with different 

metal chloride salts shows an increase in saturation polarization with an increase in difference in 

electronegativity between the exchange cation and the native cadmium. Greater charge as well as 

electronegativity causes a larger change in the dipole. Increasing the concentration of tin (IV) 

chloride also allowed for modulation of saturation and remnant polarization because of an increase 

in the number of localized dipoles. Through small changes in the concentration of tin (IV) chloride 

solutions, we can control ferroelectric properties, broadening the degrees of freedom afforded by 

nanoparticle-based ferroelectrics. Further, we demonstrated that the lower concentrations of 

exchanged tin (IV) cations allowed for better crystal structure retention and most likely, greater 

stability.   
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CHAPTER IV 

 

OPTIMIZATION OF FERROELECTRIC CATION EXCHANGE SYNTHESIS 

 

4.1 Introduction 

The original cation exchange synthesis discovered by Dr. Toshia Wrenn resulted in various 

byproducts as well as loss of colloidal stability. A large portion of my research focused on 

optimization of the ferroelectric cation exchange synthesis through various synthetic techniques. 

Byproducts were first removed through an extra washing step with ethanol, then the formation of 

byproducts was prevented by performing the cation exchange synthesis in ethanol rather than the 

original toluene solution in which the QDs were suspended. Aggregation was initially reversed by 

ligand exchange after the cation exchange synthesis and was then prevented by performing ligand 

exchange before the washing step in the QD synthesis as well as before the cation exchange 

synthesis. 

 

4.2 Preventing Byproducts of Cation Exchange Reaction 

In our original synthesis based upon the previous Wrenn et al. synthesis, the cation exchange was 

performed with 3 nm +/- 0.16 QDs and antimony (III) chloride both dissolved in toluene. The QDs 

almost immediately crashed out of solution due to ligand displacement by the chlorine anions 

while partial cation exchange occurred between antimony and cadmium. The displaced cadmium 

reacted with the remaining chlorine anions in solution to form CdCl2•H2O, a known ferroelectric. 

CdCl2•H2O is highly soluble in polar solvents, so in order to remove the byproducts and get a more 

reliable polarization response, we performed the cation exchange in ethanol rather than toluene to 
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disallow CdCl2•H2O formation completely. TEM and STEM-EDS show large CdCl2•H2O sheets 

in Figures 4.1 and 4.2 as well as the presence of chlorine on the surface of the QDs due to ligand 

displacement in the original synthesis in toluene and, while the chlorine is still localized on the 

QDs, the CdCl2•H2O sheets disappear in the new ethanol synthesis shown in Figure 4.3. This is 

confirmed through XRD of the original QDs, the synthesis in toluene showing presence of 

CdCl2•H2O, and the synthesis in ethanol in which the peaks corresponding to CdCl2•H2O 

disappear, shown in Figure 4.4. 

 

 
 
Figure 4.1 STEM-EDS mapping showing CdCl2•H2O sheets surrounded by CdSSe/SbCl3 

aggregates. CdCl2•H2O forms only in cation synthesis in toluene. 
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Figure 4.2 TEM and EDS spectrum of magnified CdCl2•H2O sheets. 

 

 

 
 

Figure 4.3 TEM and STEM-EDS of CdSSe/SbCl3 sans CdCl2•H2O. Cation exchange synthesis 
in ethanol disallows for formation of CdCl2•H2O. 
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Figure 4.4 XRD of original CdSSe quantum dots and CdSSe SbCl3 cation exchange syntheses in 
toluene and ethanol to show presence of CdCl2•H2O formation in toluene and that CdCl2•H2O is 
unable to form in ethanol synthesis. 
 

4.3 High Concentration Byproducts 

As tin (IV) chloride concentrations reached higher concentrations and as heat was applied, large 

selenium elemental particles began to form, which was apparent in STEM-EDS and XRD analysis 

(Figures 4.5 and 4.6). The relatively high concentrations of tin (IV) and increase in temperatures 

may have caused a REDOX reaction to occur, reducing some tin (IV) to tin (II) and partially 
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oxidizing negatively charged selenium within the nanoparticles to selenium metal. These were 

removed using a syringe filter and remaining particles were analyzed using XRD shown in Figure 

4.6. Se(0) has not been found to have ferroelectric properties at room temperature. Because 

ferroelectric properties and crystal structure retention were optimized at lower concentrations, the 

formation of selenium byproducts is avoided. 

 

 

 
 
Figure 4.5 STEM-EDS of high concentration, heated SnCl4 cation exchange reaction, showing 
the formation of nanoparticle aggregates with high Sn4+ dopant concentrations as well as 
elemental selenium formation due to possible REDOX reactions due to higher concentrations 
and increase in temperature. 
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Figure 4.6 XRD of filtered and unfiltered high concentration, increased temperature CdSSe 
SnCl4 reaction, showing formation of elemental selenium as well as disordered crystal structure 
of resulting CdSSe with high Sn4+ dopant concentrations once elemental selenium is removed. 
 
 
 
4.4 Aggregation Prevention 

Cation exchange synthesis performed on QDs resulted in aggregation due to the displacement of 

oleic acid ligands by chlorine anions on the QD surface. This is shown by the presence of chlorine 

on aggregated nanoparticles in STEM-EDS maps. According to hard-soft acid-base theory, 

cadmium is a soft acid, while carboxylate ligands, such as oleate, are hard bases. This makes it 

easy for a borderline base, such as chloride ions, to displace these ligands, causing the loss of 

colloidal stability and aggregation. This aggregation is reversed with the presence of an excess of 

soft base, such as an organic phosphine ligand in the form of trioctylphosphine (TOP).81-83 TOP 

was shown to displace the chloride ions through redispersion of the nanoparticles in solution and 
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by visual analysis and the analysis of TEM images (Figure 4.8). While oleic acid and chlorine are 

known to be X-type ligands, which can easily displace each other, trioctylphosphine is an L-type 

ligand.101 Owen et al. has demonstrated L-to X-type ligand exchange is possible in CdSe 

nanocrystals while Buhro et al. has shown that this ligand exchange reaction between L- and X- 

type ligands is fully reversible using CdSe quantum belts.102, 103 The difference in charge of the 

ligands exchanged may result in a positively charged surface due to the displacement of anionic 

ligands by neutral-donor ligands. By performing a ligand exchange before cation exchange, 

aggregation is prevented by disallowing ligand displacement by chlorine anions, shown by the 

disappearance of chlorine in STEM-EDS maps as well as the chlorine peak in the EDS spectrum 

of the chlorine anions on the QD surface (Figures 4.9 and 4.10). 

 

 
 
Figure 4.7 Hard-soft acid-base theory implies that oleate, a hard base, is easily displaced by 
chlorine, a borderline base on soft-acid cadmium nanoparticles. A soft base, such as 
trioctylphosphine then easily displaces chlorine. 
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Figure 4.8 Aggregation almost instantly occurs due to oleate ligand displacement by chlorine 
anions but is reversed with an excess of trioctylphosphine. 
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Figure 4.9  STEM-EDS maps and EDS spectrum of aggregated nanoparticles after tin(IV) cation 
exchange showing the presence of cadmium, selenium, sulfur, tin, and chlorine. 
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Figure 4.10  STEM-EDS maps and EDS spectrum of nanoparticles after tin(IV) cation exchange 
showing the presence of cadmium, selenium, sulfur, and tin. Chlorine is no longer present on the 
surface and nanoparticles are no longer aggregated. 
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4.5 Conclusions 

The original synthesis by Dr. Toshia Wrenn in which CdSe nanoparticles were treated with 

antimony (III) chloride resulted in the discovery of ferroelectric QDs. However, the cation 

exchange synthesis resulted in aggregation as well as the formation of byproducts that effect 

quantitative ferroelectrics analysis and EDS quantification. Byproducts that formed due to a 

reaction between chloride anions in solution and the ejected cadmium were removed by 

performing the cation exchange synthesis in a polar solvent, which resulted in the lack of formation 

of CdCl2•H2O. High concentration byproducts found during ferroelectric optimization studies 

were removed via syringe filter. These products only formed when using the highest concentration 

tin (IV) chloride solution and applying heat due to a redox reaction and it was found that 

ferroelectric properties and crystal structure retention were optimized at lower concentrations. 

Aggregation occurred due to the displacement of oleate ligands by chlorine anions. Colloidal 

stability was first recovered through ligand exchange with trioctylphosphine to displace the 

chlorine on the nanoparticle surface then retained through ligand exchange before cation exchange 

to prevent ligand displacement.  



 46 

CHAPTER V 

 

FLUORESCENCE RETENTION 

 

5.1 Introduction 

Once ferroelectric properties were optimized, byproducts were removed, and loss of colloidal 

stability was reversed, complications with fluorescence retention still remained. This is likely due 

to the presence of defects as a result of cation exchange, which leads to charge carrier trapping. 

Here we report a method of introducing ferroelectricity while maintaining fluorescence by adding 

a protective shell to the core. The shell provides a sacrificial material where cation exchange can 

occur without introducing fluorescence quenching defects in or near the surface of the core (Figure 

5.1). This final optimization step yields colloidally stable and fluorescent ferroelectric quantum 

dots. 

 

 

 

Figure 5.1  Schematic of the introduction of defects into QDs due to tin cation exchange. Cation 
exchange occurring within the fluorescent CdSe QD (purple) results in near 100% fluorescence 
quenching while cation exchange within a protective CdS shell (blue) allows for fluorescence 
retention while still introducing ferroelectric properties. 
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5.2 Fluorescence Retention Through Protective Shelling 

Cation exchange synthesis performed on CdSe nanoparticles resulted in near total quenching of 

fluorescence. In order to prevent fluorescence quenching, we shelled the fluorescent CdSe core in 

CdS. This allows for the protection of the core from defects produced from cation exchange and 

therefore allows for quantum yield retention. Partial displacement of cadmium by tin cations 

within the QDs is confirmed by STEM-EDS in Figure 5.2. To avoid overlap between cadmium 

and tin during EDS quantification, the tin Ka peak at 25.2 keV was used.  

 

 

Figure 5.2  STEM-EDS maps of 8 monolayer core-shell CdSe/CdS nanocrystals after undergoing 
partial cation exchange with tin(IV). 
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The CdSe/CdS core-shell synthesis varied from 0-8 monolayers, increasing fluorescence retention 

from total quenching at 0 CdS shells to near 99% fluorescence retention at 8 monolayers. However, 

the fluorescence blue-shifted in each cation exchange reaction. The initial red-shift that occurs 

during CdSe/CdS shelling occurs due to the leaking of confinement of the hole from the core into 

the shell. Cation exchange disrupts the band structure of the shell which results in better 

confinement to the CdSe core and therefore a blue-shift in the final fluorescence spectra. 

Ferroelectric properties of CdSe, CdSe/2CdS, CdSe/4CdS, CdSe/6CdS, and CdSe/8CdS have 

similar saturation polarization and remnant polarization values which is confirmed in Figure 5.3. 

Analysis of EDS quantification shows decrease in Sn/Cd ratio, meaning similar amounts of tin 

were exchanged and ferroelectric properties remained the same. This can be attributed to the idea 

that a similar amount of dipoles form with similar amounts of tin exchange. With thick CdS shells, 

enough cation exchange can occur to induce a ferroelectric response while minimizing charge 

carrier overlap with the exchange created defects, which could be in the form of vacancies or 

interstitial defects. 
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Figure 5.3  Fluorescence spectra of a) CdSe QDs before and after tin(IV) cation exchange and b) 
CdSe/8CdS core-shell QDs before and after tin(IV) cation exchange. c) Dependence of 
fluorescence quantum yield retention on number of CdS monolayer shells. d) Dependence of 
relative percent tin exchanged on number of CdS monolayer shells (blue) and the retention of 
ferroelectric saturation polarization (orange). e,f) Polarization response within an applied electric 
field for e) CdSe and f) CdSe/8CdS QDs after tin(IV) cation exchange. A Sawyer-Tower circuit 
was used to quantitatively measure polarization from ferroelectric nanoparticles. 
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5.3 Conclusions 

Inducing ferroelectricity through cation exchange greatly increases the already broad spectrum of 

QD applications. With the introduction of defects within the crystal structure that occurs due to 

cation exchange in the fluorescent CdSe core, fluorescence was fully quenched with the 

introduction of ferroelectric properties. In order to retain fluorescence, a protective CdS shell was 

grown around the core before cation exchange, resulting in the introduction of defects, and 

therefore ferroelectricity, in the protective shell instead of the core. While fluorescence was nearly 

totally quenched in pure CdSe QDs, with 8 CdS shells, fluorescence quantum yield was retained 

98.8%. After the cation exchange, colloidally stable fluorescent, ferroelectric QDs are realized.  
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CHAPTER VI 

 

NON-TOXIC, FERROELECTRIC QUANTUM DOTS 

 

6.1 Introduction 

While cadmium-based nanoparticles have been primarily used for these studies, non-toxic QDs 

are more functional for industrial applications. Indium phosphide/zinc selenide core-shell 

nanocrystals have been considered as a possible non-toxic substitute for CdSe/CdS QDs. ZnSe has 

a similar zinc blende crystal structure to CdSe and CdS QDs, which were used in previous studies. 

Therefore, similar properties should emerge through cation exchange in ZnSe nanocrystals. 

 

6.2 Ferroelectric Zinc Selenide Quantum Dots 

Zinc selenide has a similar zinc blende crystal structure to the previously synthesized cadmium 

selenide, CdS0.7Se0.3 graded alloy, and CdSe/CdS core-shell nanoparticles. Because the emergence 

of ferroelectricity is entirely based on the emergence of dipoles based on the crystal structure, with 

tin cation exchange within zinc selenide nanoparticles and through EDS quantification, we can 

determine that a 15.7% cation exchange occurred (Figures 6.1 and 6.2). Our hypothesis of the 

emergence of ferroelectric properties through cation exchange in zinc blende nanoparticles was 

confirmed through the emergence of a hysteresis curve with a saturation polarization of 77.5 

µC/cm2 and a remnant polarization of 11.3 µC/cm2 (Figure 6.3).  
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Figure 6.1  STEM-EDS maps and EDS spectrum of ZnSe nanoparticles showing the presence of 
zinc and selenium. 
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Figure 6.2  STEM-EDS maps and EDS spectrum of ZnSe nanoparticles after tin(IV) cation 
exchange showing the presence of zinc, selenium, and tin. 
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Figure 6.3  Polarization response within an applied electric field for ZnSe QDs after tin(IV) cation 
exchange. 
 
 

6.3 Conclusions 

Synthesis of ferroelectric QDs by performing cation exchange on non-toxic, zinc blende 

semiconductor nanocrystals allows for the use of ferroelectric QDs in industrial settings. Zinc 

selenide is easily synthesized and colloidally stable, allowing for ease of analysis after cation 

exchange for an introduction to non-toxic, ferroelectric semiconductor nanocrystals by using 

nanocrystals with a similar crystal structure to previously synthesized cadmium-based ferroelectric 

QDs. With the introduction of a tin (IV) exchange cation to the ZnSe nanocrystals, ferroelectric 

properties emerged just as they did in their cadmium-based counterparts. Once colloidal stability 

has been achieved in zinc blende InP/ZnSe core-shell nanoparticles100, the synthesis of non-toxic, 

fluorescent, ferroelectric semiconductor nanocrystals can be achieved. Using the core-shell studies 
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of the cadmium-based ferroelectric QDs, fluorescence retention will be achieved by inducing 

ferroelectric properties in a protective ZnSe shell which surrounds a fluorescent InP core. 
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CHAPTER VII 

 

CONCLUSIONS AND FUTURE WORK 

 

7.1 Overall Conclusions 

Ferroelectric semiconductor nanocrystals formed through cation exchange were first 

discovered in 2015 by Dr. Toshia Wrenn through antimony (III) treatment of CdSe 

nanoparticles. The realization of these new properties added to the plethora of already ever-

growing QD applications. While QDs already have a use in lighting, displays, biological 

labeling, lasers, and solar cells, the introduction of ferroelectric properties also allows for their 

use in ferroelectric random access memory, energy harvesters,  energy scavengers, actuators, 

transducers, capacitors, and micro electromechanical devices due to the ability to change the 

polarization of the materials through electric, thermal, and mechanical energy. 

While Dr. Wrenn optimized ferroelectric properties through increased reaction time in the 

cation exchange synthesis, I was able to further optimize saturation and remnant polarization 

by varying cation identity and concentration. A correlation between electronegativity 

determined through the Mulliken equation and saturation polarization was found when 

analyzing ferroelectric nanoparticles formed through cation exchange with various metal 

chloride salts including tin (II) chloride, antimony (III) chloride, gold (III) chloride, and tin 

(IV) chloride. It was found that the exchange synthesis using the highest electronegativity 

cation, tin (IV), resulted in the highest saturation polarization. Therefore, optimization of 

percent cation exchange was performed using tin (IV) at varied concentrations of tin (IV) 

chloride salt solutions. Saturation and remnant polarization were optimized at about 37% and 
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82%; however, crystal structure was best retained at lower exchange cation to cadmium ratios. 

Therefore, ferroelectric semiconductor nanocrystals were best optimized through a tin (IV) 

cation exchange reaction with a 37% cation exchange. 

Once ferroelectric properties were optimized, removal of byproducts and aggregation 

prevention would allow for optimization of the ferroelectric nanoparticles. Through 

performing the cation exchange synthesis in polar solvents rather than toluene, CdCl2•H2O 

byproducts formed due to cation exchange were unable to form. Selenium byproducts that 

formed at high concentrations with the addition of heat were removed with a syringe filter for 

analysis; however, since ferroelectric properties and crystal structure retention were optimized 

at lower concentrations, the formation of these byproducts is avoided. Aggregation was 

prevented through ligand exchange with TOP, a soft base, before cation exchange was 

performed. 

Due to the introduction of defects, fluorescence was quenched after the cation exchange 

synthesis. Because ferroelectricity emerges due to polarization within the crystal structure, by 

performing a cation exchange reaction and introducing defects into a protective CdS shell on 

a fluorescent CdSe core, ferroelectric properties still emerge while fluorescence is retained. 

Fluorescence retention is optimized at 98.8% with a 8 monolayer CdS shell and saturation 

polarization and remnant polarization values are also retained at the same values. 

For use in industrial applications, the same room temperature cation exchange reaction can be 

performed on non-toxic zinc blende quantum dots. Zinc selenide was first used because it is a 

common shelling material for non-toxic core-shell semiconductor nanocrystals. Tin (IV) was 

used in the cation exchange synthesis and the same methods for prevention of byproducts and 

aggregation were used as in the cadmium-based synthesis of ferroelectric nanocrystals. 



 58 

Ferroelectric properties emerged with a saturation polarization of 77.5 µC/cm2 and a remnant 

polarization of 11.3 µC/cm2.  

Overall, polarization values in all ferroelectric nanoparticles in which the cation exchange 

synthesis was performed remained at about 75 µC/cm2. These values are much higher than 

BaTiO3, a highly studied nanoferroelectric which exhibits polarization values around 15 

µC/cm2.79 Other nanoferroelectrics with more complex syntheses exhibit a saturation 

polarization between 10 µC/cm2 and 50 µC/cm2.29 While some of these values are closer to that 

of those synthesized in this work, these materials consistently have greater ferroelectricity than 

other nanoferroelectrics while retaining fluorescence and colloidal stability. 

 

7.2 Future Directions 

Optimization of ferroelectric semiconductor quantum dots formed through cation exchange in 

cadmium-based systems has been achieved. However, in order to use these materials in 

industrial applications, non-toxic materials must be used. Preliminary studies using ZnSe 

nanocrystals creates a steppingstone toward the synthesis of non-toxic, fluorescent, 

ferroelectric semiconductor nanocrystals. ZnSe is commonly used in shelling of InP 

fluorescent nanocrystals, which emit in the visible spectrum and can therefore be used in the 

same applications as CdSe QDs. Using the information gathered in the CdSe/CdS core-shell 

studies, one can infer that ferroelectricity can be induced in a protective ZnSe shell, preventing 

fluorescence quenching due to defects in the fluorescent InP core. This will allow for the use 

of fluorescent, ferroelectric QDs produced through a simple room-temperature cation exchange 

in industrial applications. 
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APPENDIX A 

COMPOSITION AND CRYSTAL STRUCTURE DATA FOR GRADED ALLOY 

NANOPARTICLES BEFORE AND AFTER CATION EXCHANGE 

 

Following are TEM and STEM-EDS images and EDS quantification data studied in Chapter 3. 

Refer to Figures 3.3 and 3.5 for ferroelectric data corresponding to these QDs before and after 

cation exchange. Also included is XRD of CdSSe nanoparticles before and after cation exchange 

with varied cation identity, demonstrating peak broadening and decrease in peak intensity after 

each cation exchange reaction. 
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Figure A.1 TEM, STEM-EDS maps, and EDS spectrum showing the presence of cadmium, sulfur, 
and selenium in the original CdSSe nanoparticles. 
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Figure A.2 TEM and EDS spectrum after tin (II) cation exchange showing aggregation as well as 
the presence of tin after cation exchange. 
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Figure A.3 TEM and EDS spectrum after antimony (III) cation exchange showing aggregation as 
well as the presence of antimony after cation exchange. 
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Figure A.4 TEM and EDS spectrum after gold (III) cation exchange showing aggregation as well 
as the presence of gold after cation exchange. 

2.5 mM AuCl3 
39% Gold (III) 

61% Cadmium (II) 
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Figure A.5 TEM and EDS spectrum after tin (IV) cation exchange showing aggregation as well as 
the presence of tin after cation exchange.  
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Figure A.6 XRD of CdSSe QDs before and after cation exchange with SnCl2, SbCl3, AuCl3, and 
SnCl4 salts. 
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Figure A.7 STEM-EDS spectra quantification shows increase the ratio between tin(IV) and 
cadmium(II) with increase in tin(IV) chloride solution concentration used in the cation exchange 
reaction as well as heating in the final reaction.   
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APPENDIX B 

PROOF OF THE EMERGENCE OF FERROELECTRIC PROPERTIES DUE TO 

CATION EXCHANGE RATHER THAN LIGAND DISPLACEMENT BY CHLORINE 

ANIONS 

 

Further proof that ferroelectricity emerged due to cation exchange rather than the presence of 

chlorine was shown through similar experiments carried out with NaCl and SbI3 salts. The NaCl 

experiments resulted in chlorine on the surface similar to the other metal chloride salt reactions, 

but no cation exchange reaction and no emergence of ferroelectricity. The SbI3 experiments 

resulted in iodine on the surface as well as aggregation, but cation exchange still occurred and 

ferroelectric properties emerged. 
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Figure B.1 TEM, STEM-EDS mapping, and EDS spectrum when cation exchange synthesis is 
performed with NaCl shows that sodium is not present, while aggregation still occurs and due to 
ligand displacement by chlorine. Sawyer-Tower circuit experiments show no ferroelectric 
properties. 
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Figure B.2 Cation exchange synthesis with both antimony (III) chloride and antimony (III) iodide 
both result in aggregation and comparable ferroelectric properties. Aggregation is still believed to 
be due to ligand displacement by iodine shown by STEM-EDS mapping and the EDS spectrum. 
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APPENDIX C 

COMPOSITION AND CRYSTAL STRUCTURE DATA FOR CORE-SHELL 

NANOPARTICLES BEFORE AND AFTER CATION EXCHANGE 

 

 

Following are TEM and STEM-EDS images and EDS quantification data studied in Chapter 5. 

Refer to Figures 5.3 for ferroelectric data corresponding to these QDs before and after cation 

exchange. Also included is XRD of CdSe nanoparticles before and after cation exchange with tin 

(IV), demonstrating peak broadening and decrease in peak intensity after cation exchange reaction. 
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Figure C.1 STEM-EDS maps and EDS spectrum of CdSe nanoparticles showing the presence of 
cadmium and selenium. 
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Figure C.2 STEM-EDS maps and EDS spectrum of CdSe/2CdS core-shell nanoparticles showing 
the presence of cadmium, sulfur, and selenium. 



 75 

 
 

Figure C.3 STEM-EDS maps and EDS spectrum of CdSe/4CdS core-shell nanoparticles showing 
the presence of cadmium, sulfur, and selenium. 
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Figure C.4 STEM-EDS maps and EDS spectrum of CdSe/6CdS core-shell nanoparticles showing 
the presence of cadmium, sulfur, and selenium. 
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Figure C.5 STEM-EDS maps and EDS spectrum of CdSe/8CdS core-shell nanoparticles showing 
the presence of cadmium, sulfur, and selenium. 
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Figure C.6 HAADF and EDS spectrum of CdSe nanoparticles after tin(IV) cation exchange 
showing the presence of cadmium, selenium, and tin. 
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Figure C.7 STEM-EDS maps and EDS spectrum of CdSe/2CdS core-shell nanoparticles after 
tin(IV) cation exchange showing the presence of cadmium, selenium, sulfur, and tin. 
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Figure C.8 STEM-EDS maps and EDS spectrum of CdSe/4CdS core-shell nanoparticles after 
tin(IV) cation exchange showing the presence of cadmium, selenium, sulfur, and tin. 
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Figure C.9 STEM-EDS maps and EDS spectrum of CdSe/6CdS core-shell nanoparticles after 
tin(IV) cation exchange showing the presence of cadmium, selenium, sulfur, and tin. 
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Figure C.10 EDS spectrum of CdSe/8CdS core-shell nanoparticles after tin(IV) cation exchange 
showing the presence of cadmium, selenium, sulfur, and tin. 
 

 
 
Figure C.11 XRD of CdSe QDs before and after cation exchange with tin(IV). With the 
introduction of tin(IV) into the crystal structure, disorder increases as shown by peak broadening 
and a decrease in relative intensities. The vertical bars are corresponding to JCPDS files for zinc 
blende CdSe no. 19.0191. 
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APPENDIX D 

FERROELECTRICITY AND FLUORESCENCE IN CORE-SHELL NANOPARTICLES 

BEFORE AND AFTER CATION EXCHANGE 

 

Following is ferroelectric and fluorescence data for core-shell nanoparticles with increasing 

numbers of monolayers before and after cation exchange. This demonstrates retention of 

ferroelectricity with cation exchange in CdSe/2CdS, CdSe/4CdS, and CdSe/6CdS core-shell 

nanoparticles. Increase in fluorescence retention is also shown with increase in number of CdS 

monolayers.  
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D.1 Polarization response within an applied electric field for a) CdSe/2CdS b) CdSe/4CdS and c) 
CdSe/6CdS core-shell QDs after tin(IV) cation exchange. 
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Figure D.2 Fluorescence spectra of (a) CdSe/2CdS (b) CdSe/4CdS and (c) CdSe/6CdS quantum 
dots before and after tin(IV) cation exchange. 
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