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ABSTRACT 

Recently, about nanoparticle research, control and applications of materials’ properties have been studied actively 

with developing synthesis skill and systematic advances such as controllable nanoparticles’ shapes, growth mech-

anism, monodispersity, and stoichiometry. However, the most established one was limited singular nanoparticle 

property research only and simple nanoparticles spread on the substrates. Here, we will introduce the new concept 

of materials or elements which show different properties from individuals using superlattices; periodically stacked 

or assembled by monodiserse nanoparticles. Each electrical, magnetic and optical properties was measured using 

PbS, CoFe2O4, and CdSe nanoparticles made by hot-injection method. In this paper, we will show results of the 

artificial 3D nano-structures self-assemble structure, which can be controlled by solvent evaporation ratio, surface 

control of nanoparticles, and so on. Also, we have studied the effect of nanoparticles’ stoichiometry, size, and 

shape for superlattice growth, and compared electrical, magnetic, and optical properties of superlattices with one 

of individual.  
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1. Introduction 

 

This research originally began with a specific motivation for; nanoparticle superlattices1, a similar concept which 

can design material properties at will. In this case designing our own new ‘atom’ with nanoparticles gives us a 

chance to achieve new functions. This concept is considerably matched with one of the spotlight research subjects 

known as, metamaterials.2 Artificial materials do not depend on the intrinsic material properties but on the fine, 

and specific structure of the materials.3 Although one can criticize that metamaterials is just an artificial composite 

materials whose electromagnetic properties are induced by the structuring of the medium and there is no direct 

similarity between nanoparticle superlattices and metamaterials, here we will put the pieces of the puzzle.  

 

Figure 1.1 Metamaterials concept scheme comparing with recent nanoscience research. The structure pic-
ture is referred from (Soukoulis, 2011).4 

 

The ninth figure in metamaterial structure was made of nanoparticle assembly. This is called superparamagnetic 

colloidal photonic crystals referred from (Yin Y, 2007).5 The metal cluster is also called visible frequency mag-

netic metamaterials, using large self-assembly by external magnetic field.6 As one can see in figure 2, each small 

10nm size superparamagnetic Fe3O4 nanoparticles could turn into a cluster by synthesizing. Moreover, these 

clusters could be affected by external magnetic field, and are arranged in form a chain. Depending on the magni-

tude of field, the distance between each cluster can be changed, and the distance similar to visible wavelength of 

light determine the colloids solution color. This example shows how nanoparticles can be one big application in 

metamaterials research area.7,8,9 
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Figure 1.2 An example of nanoparticle based metamaterials referred from (Yin Y, 2007).5 The photographs 
shows colloidal nanoparticles formed in response to an external magnetic field; the magnet-liquid sample 
distance decreases gradually from right to left. 

 

The recent issues about needs of energy generation, conservation, and management are being magnified for an 

effective supply of electric power. Globally, renewable energy research and technology has been given priority 

for additional energy supply. Among these, solar cell, fuel cell, battery, and thermoelectric devices10 have been 

developed for several years. In order to handle and analyze more microscopic areas, it will be important to research 

nanostructure materials. Most recent nano-science and nano-technology aim to study the electronic, optical, ther-

mal, magnetic, and mechanical properties of materials starting from the atom- or molecule-level. However, several 

years ago, superlattices drove intense interest in enhancing the capability of people to build and design material 

properties (Shevchenko, 2006).11,12 The properties from internal, with specific structure being important, which 

shows the main reasons why people take an interest in this field. Here, we will show the infant steps, explain the 

physical properties for applications of superlattices.  

Recent chemical synthesis of nanoparticles advances and is developing as a new field of synthetic chemis-

try.13,14,15,16 Chemical synthesis is a very reasonable way to go over the whole material ground. Although if one 

thinks of manufacturing a 3D structure out of individual nanoparticles, it is quite a difficult job. Self-assembly 

method is common, highly efficient, and a reasonable process to do. From easy preparations of monodisperse 

spherical nanoparticles to sophisticated structures where size (from a few nanometers to a few hundred), shape 

(spheres, cubes, polypods, rods, platelets, etc.)17, and multicomponent structures (core-shell, Janus, etc.) can be 

tailored. Moreover, nanoparticle synthesis offers large and unlimited range of nanoparticle composition (metal, 

semiconductor materials, and dielectric), and surface engineering is possible depending on their purpose.18  

The nano-size particles can be found in commercial use as the building blocks for inexpensive manufacturing of 

low cost and large area devices. Solution based processes, such as spin coating, dip coating, or inkjet printing 
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offer considerable reductions for fabrication. Furthermore, nanoparticles can self-assemble from colloidal solu-

tions into ordered structures called ‘superlattices’ or ‘supercrystals’.  

 Nanoparticles synthesis can be used for making objects act as the building blocks used to create artificial struc-

tures. Designing our own new ‘atom’ gives us a chance to access new functions. Chemically, engineered nano-

structures appears to be a highly promising alternatives. One of the design strategies is currently available self-

assembly and allow these individual particle actual, usable, and practical structures by directly stacking them into 

ordered superstructures or by embedding them into a host matrix serving as a template. Besides, fantasy capabil-

ities, modern nano-chemistry enables the fabrication of hybrid nanostructures by combining metallic and dielec-

tric parts of controlled morphologies. 

Developments of structure designs over the past several years have opened the field of nanofabrication. The 

structure periodic patterns must be miniaturized by several orders of magnitude. Lithography based fabrications 

and ‘bottom up’ fabrication techniques based on nano-scale science has been used recently as a commonly avail-

able approach (hard UV, electron and ion-beam lithography; etc.) to accurately print the required structures on 

surfaces. However, one of the major challenges still ahead is to obtain full-3D isotropic structures because of the 

limitation of lithography techniques. 

 As mentioned above, monodisperse colloidal nanoparticles can self-assemble into ordered arrays (superlattices) 

upon slow evaporation of carrier solvent or gentle destabilization of the colloidal solution.19 Superlattices refers 

to a lower-dimensional structure such as an array of quantum dots or quantum wires. The discovery of nanoparticle 

superlattices enforced the making of more complex ordered structures built from several functional components. 

The understanding of fundamental principles is that not only govern self-assembly of nanoparticles but also indi-

vidual synthetic properties and material properties. Self-assemble into ordered arrays (superlattices) have been 

indicated in the development of nanocparticles-based devices. Similarly, the faceted 3D supercrystals self-assem-

bled from colloidal spherical nanoparticles have been indicated as well. Owing to precise size and shape uni-

formity, nanoparticles can spontaneously order into single-component superlattices, binary nanoparticles super-

lattices, ternary (three types of nanoparticles) and 3D supercrystals upon evaporation of concentrated colloidal 

solutions.  

 Before going further into detailed information, we can expect which points are essential, should be preceded, 

and observed deeply for the future in this synthetic and systematic research. There are several challenges which 
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in an assembled structure system. Here, we resolutely suggest the three main concerns which should be carefully 

considered. The first is the large-scale synthesis of the wanted nanoparticle; specifically, routinely synthesizing 

and purifying a large amount of particles this work may become increasingly complicated as the morphology and 

size of the wanted particles becomes more complex.  

Secondly, the control of the pair interaction between nanoparticles is important. In regards to colloidal solutions, 

through the view of physical chemistry, long-range attractive forces are certainly wanted to ensure the cohesion 

of an ordered structure. However, these forces should not be too strong in order to avoid a fast irreversible and 

uncontrollable aggregation of the particles. The aggregation energy between nanoparticles should not be large so 

that the stacked structure may form at thermal equilibrium as a result from the interplay between energy and 

entropy. We have to carefully control the colloidal state inter-particle force which can influence the preparation of 

colloidal suspension. In this case, colloidal state stability is determined by long-range van der Waals force between 

nanoparticles, electrostatic repulsive energy, steric repulsive energy from interaction between particle surfaces, 

and potential energy related to the presence of non-adsorbed species in solution. 

The third challenge is the imperfect control of synthetic nanoparticle sizes which will in turn some degree of 

disorder into the structure.  

Our research goal is achieving better performance in electrical, magnetic, and optical area using stacking or 

assembling nanoparticles. The artificially designed nanoparticle superlattices would have transcendental proper-

ties more than nanoparticle components. Superlattices which is a chemical, topologically stable has possible en-

hancing concepts which can help our understanding of material properties. The physical properties of nanoparti-

cles superlattices have yet to be quantified, but the engineered nanoparticle assemblies will provide novel oppor-

tunities for electronic, optoelectronic, thermoelectric, catalytic and other applications by exchange coupled energy 

and particle interaction. 
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2. Experiments 

 

2.1 Synthesis method of CoFe2O4 nanoparticles 

CoFe2O4 nanocrystals synthesis was modified from the recipe reported by Sun et al.20 About normal synthesis, 

2.8g (8mmol) iron(3) acetylacetonate, 1g (4mmol) cobalt(2) acetylacetonate, 2.6ml (8mmol) oleic acid, 12.8ml 

(40mmol) oleylamine, 6.2g (24mmol) 1,2-hexadecanediol, and 12ml of benzyl ether were prepared in a three neck 

flask. Firstly, the mixture was degassed at 110℃ and kept for 30min. and then heated to 205℃ under N2 atmos-

phere and kept for 1.5h. Secondly, the mixture was heated to 295℃ and held at this temperature for 1h. Then, 

heating was stopped and cooled down with water bath. After cooling to about temperature, ethanol was added as 

precipitants. The precipitates were dispersed in hexane. This washing process was done several times.  

 

2.2 Synthesis method of Fe3O4 nanoparticles 

Fe3O4 nanocrystals were synthesized through the way reported by Hyeon et al.21 Firstly, iron oleate precursors 

were made of 10.8g iron(3) chloride hexahydrate, 36.5g of sodium oleate, 40ml of DI water, 40ml ethanol and 

80ml of hexane were mixed into a three-neck flask. The mixture was heated to 60℃ and reacted for 4h. The dark 

red or brown viscous liquid, iron oleate precursor was washed by DI water several times, separated out and, dried 

in an oven. Next, the Fe3O4 nanocrystals were synthesized by adding 3.6g of iron oleate, 1ml of oleic acid, and 

20ml of 1-octadecene into a three-neck flask. The mixture was heated up to 110℃ under N2 atmosphere and then 

heated up to 330℃, and kept for 30min at the temperature. The purification process is the same as above.  

 

2.3 Synthesis method of ZnFe2O4 nanoparticles 

ZnFe2O4 synthesis method was modified from the first method reported by Jinwoo Cheon et al.22 355mg (1mmol) 

Iron(3) acetylacetonate, 89mg Zinc chloride (0.65mmol), 2ml (6.31mmol) oleic acid, 4ml (12.16mmol) oleyla-

mine, and 2ml (6.86mmol) octyl ether were put into three neck flask. Firstly, the mixture was degassed for 30min 

at 110℃, and then heated to 330℃ for 1h under a nitrogen atmosphere. Afterward, the flask was cooled to room 
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temperature through water bath. The purification process is the same as above. 

 

2.4 Synthesis method of Co nanoparticles 

Co nanoparticle synthesis was referred from the recipe reported by Krishnan et al.23 0.2ml (0.62mmol) Oleic 

acid and 0.1g (0.26mmol) tri-n-octylphosphine oxide were prepared in three neck flask. Firstly, the mixture was 

degassed at 110℃ for 30min under a nitrogen atmosphere, and then heated to 182℃. 0.54g (1.58mmol) cobalt 

carbonyl and 3ml 1,2-dichlorobenzene was injected into the reaction flask, refluxed for 15min. After 15min, the 

flask was cooled to room temperature. The purification process is the same as above. 

 

2.5 Synthesis method of PbS nanoparticles 

PbS nanoparticle synthesis was modified from the recipe reported by Jong-Soo Lee et al.24 0.45g lead oxide, 

10ml oleic acid, 10ml 1-octadecene were loaded in three neck flask. Firstly, the mixture was degassed at 110℃ 

for 30min under nitrogen atmosphere to make Pb-oleate complx. The flask was heated to 150℃. 0.21ml bis(tri-

methylsilyl)sulfide and 10ml 1-octadecene were injected into the reaction flask under vigorous stirring, and then 

kept for 5min. After growth reaction, the flask was cooled to room temperature. Ethanol was added as precipitants. 

The precipitates were dispersed in chloroform. This washing process was done several times. 

 

2.6 Synthesis method of Fe3O4 colloidal nanocrystal clusters 

The Fe3O4 colloidal nanocrystal cluster was synthesized from the method firstly reported by Yadong et al.5 First, 

NaOH/DEG (diethylene glycol) stock solution was prepared by dissolving 2g (50mmol) in 20ml diethylene glycol. 

The mixture was heated at 120℃ for 1h under nitrogen atmosphere, cooled, and kept at 70℃. In a normal syn-

thesis, 288mg (4mmol) poly(acrylic acid), 66mg (0.4mmol) iron chloride, and diethylene glycol was added in a 

three neck flask. The mixture was degassed at 110℃ for 1h, and then heated up to 220℃ in a nitrogen atmosphere 

for 30min with vigorous stirring to form a transparent, light yellow solution. The NaOH/DEG stock solution 

(1.75ml) was injected into the reaction flask rapidly. The reaction solution slowly changed to a black color after 

several minutes. The resulting mixture was heated for 1h, and then cooled to room temperature. Ethanol was added 
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as precipitants. The precipitates were dispersed in DI water. This washing process was done several times. 

 

2.7 Synthesis method of CdSe@CdS nanoparticles  

CdSe nanoparticles were synthesized according to the described method.25 Firstly, each metal precursor was 

made following one; 3.21 g of 0.50 M Cadmium Oxide, 50 ml of Oleic acid were stirred under the vacuum for at 

least 1 hr. After a change in the Nitrogen atmosphere, the temperature was increased from 100℃ to 170℃ and 

kept for 30 min. The solutions were quenched at colorless color, and Selenium 7.90 g was dissolved into 100 ml 

of TOP into a Nitrogen-purged glove box. 1.10 g of Trioctylphosphine oxide (TOPO), 1.50 ml of 0.50 M Cadmium 

precursor, and 8 ml of 1-octadence(ODE) were added to a three-neck flask under vacuum pressure at 80℃. A 

reaction time of one hour in the vacuum was needed to dissolve the mixture perfectly. After a change in the N2 

atmosphere, the temperature was quickly increased from 80℃ to 300℃. At 300℃, oleylamine was injected to 

the three-neck flask and the temperature was decreased to 275℃. At 300℃, 4 ml of 1 M TOP Se (selenium 

dissolved in TOP) was quickly injected and turned off after 3 min. The reaction time caused nanoparticle growth, 

and a color change from clear to yellow to orange was observed. After this hexane and ethanol was added to the 

solution (the volume ratio; hexane:ethanol = 1:3) one time. The liquid portions were then discarded. Fresh toluene 

was added to the flocculate. This method was repeated three times to remove unreacted precursors and undesirable 

synthesis byproducts. The final products were dispersed again in the toluene solution. 

 For synthesis of CdS shell, 60ml of ODE, 12ml of oleylamine, and CdSe nanoparticles solution were in three-

neck flask. After degassed process at 70℃ for 1 hour, Cd precursor and S precursor were injected together, and 

heated up 230℃. When the reaction keeps for 20min at the temperature, the Cd precursor was injected, and again 

after 20min S precursor alternately was injected continuously. With several injections, the resulting mixture was 

cooled down at room temperature. Ethanol was added as precipitants. The precipitates were dispersed in DI water. 

This washing process was done several times.  

 

2.8 Superlattice growth method  

Nanoparticle superlattice membranes is self-assembled at the liquid-air interface through the method reported by 
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Murray et al.26 Firstly, a drop of hexane solution containing any nanoparticles with selected size and concentra-

tions over the surface of diethylene glycol in a Teflon well was spread. The container was covered with a glass 

slide and the solution was then allowed to evaporate over several minutes, solidifying a film on the surface of 

diethylene glycol. After this, a substrate was placed under the film and gently lifted up to transfer on the substrate.  

 

2.9 Supercrystal growth method 

Nanoparticle supercrystal growth method follows the method reported by Pupich et al.27 Firstly, colloidal solu-

tion of any nanoparticles in hexane was filled with in the glass tube, and then ethanol was added above the solution 

of nanoparticles. The tube was sealed and left in the dark place for several days.  

 

2.10 characterization techniques used in this work 

Transmission electron microscopy (TEM). The images was carried out using a Hitachi HF-3300 FE-TEM 

(300kV). Sample were prepared by drying droplet of diluted nancrystal solution in hexane or toluene on a carbon-

coated copper grid (Ted Pella). 

Powder X-ray diffraction (XRD). X-ray powder diffraction patterns studies were conducted using a Rigaku 

MiniFlex 600 equipped with a CuKα radiation source. Structure information of metal ferrite nanoparticles was 

obtained from X-ray diffraction. 

Optical absorption. For UV-VIS-NIR absorption measurement, the absorption data was collected using an Ag-

ilent Cary 5000 UV-Vis-NIR spectrophotometer in the 175nm-3300nm range. 

Dynamic light scattering (DLS). For DLS measurements, the data was obtained using a Malvern Zetasizer Nano 

ZS for particle size, zeta potential. Dynamic light scattering known as photon correlation spectroscopy or quasi-

elastic light scattering is a physical technique which can determine the size distribution of small particles in sus-

pension or in solution. 

Superconducting quantum interference device (SQUID). Magnetic performance using SQUID measurement. 

For SQUID measurement, the analysis data was obtained using a Quantum Design MPMS SQUID VSM DC 

magnetometer with fields up to 7T and temperatures from 1.8 – 400K 
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Electrical measurements. Electrical measurement data were collected using Keithley Sourcemeter 2400 model. 

All electrical measurements were performed under nitrogen atmosphere.  

Photoluminescence measurements (PL). PL spectra in the wavelength range of 520-700nm were measured. 
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3. Results and Discussion 

 

3.1. Magnetic nanoparticle synthesis & characterization  

In the beginning, there were many candidates which could be used for forming superlattices since several types 

of nanoparticles can assemble under accurate condition. However, simple difference between individual nanopar-

ticles and nanoparticle superlattices cannot be easily measured. In order to remove complexity of device fabrica-

tions for measuring superlattices, we found a simple measuring area such as micro-scale magnetometry or analytic 

spectroscopy. At the same time, we found specific magnetic nanoparticles to have some corecivity value at room 

temperature. The nanoparticles were synthesized by Jinwoo Cheon et al. and they optimized nanoscale magnetism 

of ferromagnetic hysteresis by controlling surface and exchange anisotropy energy.22  

To offer a simple explanation regarding magnetic nanoparticles, magnetic quantum confined nanoparticles are 

of great interest from a wide range of disciplines, including magnetic fluids28, catalysis29, biotechnology30, mag-

netic resonance imaging, data storage31, and environmental remediation thanks to several kinds of properties for 

magnetism.32,33 Every substance has magnetic properties in different degrees depending on how spin motion of 

electrons in orbital interacts with one another or how materials respond to the magnetic field. There are largely 

two different magnetic materials; weak magnetic materials (diamagnetism, paramagentism) and strong magnetic 

materials (ferromagnetism, antiferromagnetism, and ferrimagnetism). Furthermore, we have to consider the influ-

ence of crystal structure and shape of grains on the direction of magnetization. The dependence of magnetic prop-

erties on a preferred direction is called magnetic anisotropy (magnetocrystalline anisotropy, stress anisotropy, 

shape anisotropy, and surface anisotropy), and also magnetic domains which are regions separated by domain 

walls (domain structure). Development of detailed understanding of the properties is essential to the development 

of future magnetic technology.  

 Significant development has been done in preparing nearly monodisperse magnetic transition metal nanocrystals 

(Ni, Fe, and Co).34,35,36 At first, the air sensitivity of the magnetic transition metal nanocrystals has complicated 

handling and has prompted use of the metal oxide nanoparticles in many applications despite the weaker magnetic 

properties (Ferromagnetic nanocrystals or Ferromagnetic core/antiferromagnetic shell) such as Co/CoO.37,38 Now-

adays, metal ferrites MFe2O4 (M= Zn, Mn, Co) have been demonstrated to be stable form of nanocrystals. The 

spinel-type MFe2O4 is based on a cubic, close-packed lattice of oxygen atoms, so it’s highly compatible with other 
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cubic close packed lattice compositionally and structurally.20 In application of metal ferrites, there are several new 

type approaches of strongly exchange-coupled iron oxide-based core/shell nanocrystals consisting of an antifer-

romagnetic core of ferrous oxide, which is surrounded by a ferromagnetic shell of a metal ferrite.12,39  

The nanoparticle synthesis was done as described above. For TEM analysis, samples were prepared by drying 

the solution on carbon coated copper grids. The samples were analysed using a Hitachi HF-3300 FE-TEM (300kV). 

Using the measurement tool, we can check average nanoparticle size and thickness of the organic ligand shell.  

 

Figure 3.1 Outline of zinc, cobalt ferrite, and iron oxide nanoparticle synthesis 

 

Additionally, we found other magnetic ferrite nanoparticles referring to the above experiment section. Cobalt 

ferrite and magnetite are other metal ferrite materials. As illustrated in Figure 3.1, reaction of the metal ferrite 
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materials with organic ligands at high temperature makes monodisperse nanoparticles. Additionally, the separation 

of nanoparticle synthesis nucleation and growth is an essential step for the successful synthesis of monodisperse 

nanoparticles. In simple terms, the synthesis method needs metal precursors, surfactants as a ligand, and appro-

priate solvent; media which reaction happens. Usually, organometallics is used for reaction through thermal de-

composition. Starting the reaction, any moisture atmosphere or oxygen condition is closed in the synthetic system, 

that’s the reason why every synthetic method has degassing process. While heating up, nucleation process occurs 

at around 200~240℃ from organic ligand dissociation with metal precursor, and the growth process occurs at 

around 300℃.21  

 

Figure 3.2 Information of solvent boiling temperature 

 

For various nanoparticle size control, we used several solvents with different boiling temperature in Fig 3.2. As 

the boiling point of solvent increases, the nanoparticle diameter increases. Furthermore, the size of the magnetic 

nanoparticles can be tuned by differing the concentration of organic ligands, reaction time, and reaction tempera-

ture with different boiling temperature. With respect to organic ligands such as oleic acid and oleylamine, a com-

bination of oleic acid (cis-9-octadecenoic acid) with oleylamine (cis-1-aminl-9-octadecene) has been found to 

work well with inorganic nanoparticles.40 Also, deprotonated oleic acid could interact selectively with specific 
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strong and dense crystal facets because of the high electron-donating ability.41 There are many roles of oleylamine, 

the organic material enhances the deprotonateion of oleic acid, forms an acid-base complex with oleic acid mole-

cules, and keep the pH values stable at 8-9, which is favorable for the formation.42 

X-ray powder diffraction patterns studies were conducted using a Rigaku MiniFlex 600 equipped with a CuKα 

radiation source. Structure information of metal ferrite nanoparticles was obtained from X-ray diffraction. Figure 

3.3 shows diffraction patterns of each metal ferrite nanoparticles. With different metal component, all of the na-

noparticle structure is spinel type. .  

 

Figure 3.3 X-ray powder diffraction pattern of zinc, cobalt ferrite, and iron oxide. 

 

 For DLS measurements, the data was obtained using a Malvern Zetasizer Nano ZS for particle size, zeta potential. 

Dynamic light scattering known as photon correlation spectroscopy or quasi-elastic light scattering is a physical 

technique which can determine the size distribution of small particles in suspension or in solution. Because there 

is few measurement tool which can determine magnetic nanoparticle size except for TEM, DLS measurement is 

quite useful for checking the particle size. Figure 3.4 shows different size of zinc ferrite and cobalt ferrite nano-

particles as a results from different reaction time.  
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Figure 3.4 DLS data and TEM images of zinc ferrite and cobalt ferrite with size difference 
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3.2. Semiconductor nanoparticle synthesis & characterization 

Normally, semiconductor nanoparticle is named ‘Quantum Dot’, which means the nanoparticle has quantum 

mechanical properties. Louis E. Brus et al. observed size-sensitive optical spectra with semiconductor nanoparti-

cles.43 They detected that CdSe nanoparticles exhibit a series of discrete excited states with a lowest excited state 

at 530nm comparing with bulk CdSe semiconductor with an optical band gap at 690nm, and with increasing size 

the states shift red and merge to form the optical absorption of bulk. This phenomenon is called ‘Quantum con-

finement effect’ which its excitons are confined in spatial dimensions.44 This quantum confinement effect also 

detected in PbS nanoparticles experiments. For UV-VIS measurement, the absorption data was collected using an 

Agilent Cary 5000 UV-Vis-NIR spectrophotometer in the 175nm-3300nm range. In this case, we synthesized lead 

sulfide nanoparticles which is commonly known for semiconductor nanoparticle. Different size of nanoparticles 

shows different absorption range in wavelength in Fig 3.5.  

 

Figure 3.5 UV-VIS-NIR Absorption data, TEM images of PbS nanoparticles 
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The quantum dot having the interesting effects like quantum confinement effect can be a bridge between bulk 

size materials and molecular level one. Moreover, the semiconductor nanoparticles hold and lead new area for 

applications in electronics, optoelectronics, and biology. Starting from Quantum dot solar cell, there are many 

applications such as up-conversion45,46, quantum dot sensitized solar cell47,48,49, bio-imaging applications46, and 

thermoelectric materials and devices using quantum dot.50 Because of these diverse device applications need direct 

connection between nanoparticles and their active area, people modified nanoparticles with several different ways.  

First one is to make core shell nanoparticles, simply meaning the nanoparticles is comprised of a core (inner 

material) and a shell (outer material). Core and shell component is normally decided corresponding to pairs of 

semiconductor type such as CdS-ZnS (Ⅱ-Ⅵ), CdSe-ZnS (Ⅳ-Ⅵ), CdSe-CdS (Ⅲ-Ⅴ), and etc. These several types 

of nanoparticles lead to improvement of semiconductor efficiency, optoelectronics, and catalysis.51  

Secondly, ligand exchange is important one. Normally, one of the best successful synthetic method is using 

organic ligand which has long hydrocarbon chains such as oleic acid, trioctylphosphine oxide or bulky organo-

metallic molecules. However, the large organic ligands insulate between each nanoparticles and make barriers 

around the nanoparticle. To solve this problem, one of the few ways is ligand exchange which is based on exchange 

of organic ligands with molecular metal chalcogenide complexs (MCC).52  

 

Figure 3.6 TEM images of nanoparticles 
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3.3. Superlattice & Supercrystal characterization 

 In the nature, there are many examples of periodic structure, organization of unique objects like atomic and 

molecular solids. Self-assembly is fundamental one on all scales. The ability to assemble nanoparticles open a 

new research area of artificial solids with controllable properties decided by both individual nanoparticle compo-

nent and their collective properties.53 

 The self-assembled structure is driven by the interaction of nanoparticles with other nanoparticles, substrate, 

solvent, etc. Moreover, different type of nanoparticle structure can be obtained relying on nanoparticle concentra-

tion, solvent type, reaction temperature, substrate type, etc. In Fig 3.12, the figure shows locally hexagonal pack-

ing corresponding to maximal packing density of nanoparticles on TEM carbon grid (two dimension). In this case, 

colloidal state stability is determined by long-range van der Waals force between nanoparticles, electrostatic re-

pulsive energy, steric repulsive energy from interaction between particle surfaces, and potential energy related to 

the presence of non-adsorbed species in solution. The strongest one is van der Waals interactions. The inter-space 

between nanoparticles is affected by the length of the surface organic ligands. Importantly, the inter-nanoparticle 

space plays a key role in determining degree of electrical properties or magnetic properties between the nanopar-

ticles and it should be considered for using nanoparticle-based thin-film devices.54  

As shown in figure 3.7 (b), quite monodisperse nanoparticles can self-assemble even while making TEM sample 

on carbon grid. Superlattices & supercrystal have been deeply developed and monopolistically by a few research 

groups. Murray group is one who synthesize nanoparticles and assemble superlattices. In the experiment section, 

it is possible to grow the artificial structure with already synthesized nanoparticles. Here, several nanoparticles 

which were synthesized are shown in Figure 3.6.  
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Figure 3.7 (a) TEM image of ZnFe2O4 sphere nanoparticle. (b) STEM image of ZnFe2O4 nanoparticle su-

perlattices on carbon grid.  

 

 Originally, the general method is done only specific substrates (TEM grids or silicon nitride membranes).55 The 

substrates should be placed in a glass vial with nanoparticle solution, and the vial has to be tilted by 60~70º. For 

slow evaporation, the vial should be in a low pressure chamber. This conditions makes ordered assemblies on the 

substrates. Normally, toluene, hexane, chloroform or mixture with tetrachloroethylene was used as an easily dried 

solution.  

 About 2 years ago, Murray group developed the general methods for large range formation of the growth.26 

This method is mentioned in the experiment section named superlattice growth. The large and uniform superlattice 

film was shown on common silicon substrates. Figure 3.8 shows the scheme of methods which described in ex-

periment section, and superlattices images. Moreover, Cheon group also found another method which is magnetic 

field induced nanoparticle assembly.56 This is simple way to fabricate size controllable one dimensional superlat-

tices with different magnetic field.  
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Figure 3.8 (a) Scheme of Superlattices growth method and superlattice image referred from Jager group57 

(b) Scheme of Superlattice membrane growth method and superlattice image referred from Murray 

group26 

 

Figure 3.9 The Scheme of magnetic field induced superlattice method TEM images of Cobalt nanoparticle 

assembly wire shaped superlattice referred from Cheon group56 
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Figure 3.10 (a),(c) SEM images of Superlattice membrane growth of zinc ferrite nanoparticles with in-

duced magnetic field (b),(d) SEM images of Superlattice membrane growth of zinc ferrite nanoparticle 

without magnetic field (Using zinc ferrite nanoparticles, the superlattice membrane growth method was tried, 

and we achieved SEM images of the particles because zinc ferrite nanoparticle size is about 20nm).  

 

 Furthermore, research area of 3-dimensional superlattices (supercrystals) has been developed. Nanoparticles can 

form the superlattices with different degree of short-range ordered and long-range ordered. If the solvent which 

the nanoparticles are dissolved in is very fast evaporative one, the individual nanoparticles can form amorphous 

(glassy) with short-range ordered.58 Similarly to 2D superlattices, in the case of 3D superlattices, both entropy 

and isotropic attractive van der Waals forces make nanoparticles assemble with high packing density like FCC 

(face centered cubic) and HCP (hexagonally close packed) lattice structures.  

Using supercrystal growth method written in experiment section, several nanoparticles were assembled on the 

silicon substrate in Fig 3.11. Figure 3.12, 3.13 shows SEM and optical microscope images of supercrystals, but 

with very small size of nanoparticles, only zinc ferrite nanoparticles can be seen on the figures. Moreover, PbS 

nanoparticles with different size shows smallest nanoparticles formed the largest supercrystals, and the size of the 

crystallites decreased with increasing nanoparticles sizes in Fig 3.14.  
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Figure 3.11 The Scheme of nanoparticle supercrystal growth method 

 

Figure 3.12 Optical microscope images of supercrystals 
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Figure 3.13 SEM image of supercrystals 

 

 

Figure 3.14 TEM image of different size PbS nanoparticle and the nanoparticle supercrystals 
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 The way of creating three-dimensional nanoparticle superlattices in experiment section is controllable oversatu-

ration of nanoparticle without solvent evaporation. The superlattice assemble structure is formed by slow diffusion 

of a non-solvent which the nanoparticle cannot easily dissolve in. The density difference between nanoparticle 

colloidal solution such as hexane or toluene and non-solvent (methanol, isopropanol, and ethanol) bring in initially 

clear interface between two liquid which slowly inter-diffuse.59,60,61 In this case, two liquids’ mixing ratio is very 

important one which can decide entire process of structure formation from the rate of the destabilization to the 

rate of crystallization of nanoparticles.  
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3.4. Electrical properties of supercrystal 

 First, we will discuss the organic ligands of nanoparticles in the semiconductor nanoparticles section. One of 

the biggest problems is the organic surface ligand which was helpful for synthetic process could insulate materials 

among nanoparticles. Therefore, others have tried to replace the organic ligands with molecular metal chalco-

genide complexs (MCC). Here formation of superlattices is another way to decrease the length between individual 

nanoparticles. During the formation process of supercrystals, the inter-space of nanoparticles decreases, because 

of de-stabilization process.  

For electrical properties of three dimensional supercrystals, we used PbS nanoparticle as an object. In Fig 3.15, 

the figure shows the difference between nanoparticles comparing normal drop-casted sample. The interval be-

tween nanoparticles in three-dimensional supercrystal is about 1nm, but the length between drop-casted nanopar-

ticles is at least 5nm. Therefore, this decreased inter-nanoparticle space could be one of important factor for elec-

trical properties.  

 

Figure 3.15 (a), (d) Histogram of specific lines in (b), (e) (b) TEM images of Focused ion beam (FIB) sample 

of vertically cut PbS nanoparticles supercrystals (e) TEM images of PbS nanoparticles (c), (f) FET pattern 

of (b), (e) 

After checking formation of three-dimensional supercrystals with PbS nanoparticles, we tried to grow the super-

crystals on FET substrates which gold metal is patterned on. Figure 3.16 shows the PbS nanoparticle supercrystals 
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on the FET substrates as an electrical channel.  

 

Figure 3.16 PbS nanoparticle supercrystals on FET substrates 

 

Same as on the normal silicon substrates, growth of PbS nanoparticle supercrystals was manifested randomly. 

Few devices among many things on the substrates satisfied the condition to measure I-V curve. This means there 

are few the nanoparticle supercrystals were situated on the right site of device. Even though the supercrystals 

was located on right position, we cannot consider that the supercrystals have right connection with patterned 

gold materials for measurement.  

 

Figure 3.17 electrical measurement data of PbS nanoparticle Supercrystals (a) Gate dependent IV curve 

(b) Photoresponse measurement 
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Figure 3.17 (a) shows a set of drain current (ID) versus drain source voltage (VDS) scans at different gate volt-

ages (VG) for a device made of PbS nanoparticle supercrystals. The small figure shows that ID increased with 

increasing VG at fixed VDS. These data shows characteristic of p-type charge transport. Figure 3.17 (b) shows 

photocurrent generation of PbS nanoparticle supercrystals under illumination. Through these total and general 

electric measurement, there was no difference between PbS nanoparticle and PbS nanoparticle supercrystals. 

 

Figure 3.18 Confocal microscope image of PbS nanoparticle supercrystals 

  

For detailed and designed electrical measurement, we need other effective methods in order to make contact with 

the nanoparticle supercrystals. There are several methods which can be attempted: direct electrode patterning after 

supercrystal growth, and using SEM machine with movable nano-probing system during SEM measurement. Be-

fore electrode patterning, the information of supercrystal height is needed. For this information, the confocal mi-

croscopic image was measured using Carl Zeiss LSM-700 Confocal microscopy with 405nm laser line. The height 

of supercrystal is about 3-5μm depending on their size. The Figure 3.17 shows the height information and confocal 
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microscope image.  
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3.5. Magnetic properties of supercrystal 

 The magnetic nanoparticle supercrystals are one of the organized ensembles of magnetic nanoparticles which 

is advance to the research of magnetism and magnetic materials. The behavior of stacked or assembled magnetic 

nanoparticles is interesting from fundamental properties to applications in magnetic recording device, and mag-

netoelectronic devices.  Moreover, the assembled magnetic nanoparticles make new nanostructures with novel 

collective physical properties, which can be utilized for multifunctional applications in nanoelectronics, spintron-

ics62, magnetooptics, chemical catalysis, senesors, biomedical separation, diagnostics, etc.  

The magnetic nanoparticles can also be ordered which may be comparable with atomic crystallization. Unlike 

the atomic crystal structure, magnetic nanoparticle superlattices do not have strong chemical interactions such as 

chemical bonds, but the magnetic nanoparticles are connected by weak hydrogen bond, van der Waals, and mag-

netic dipole interactions. 

For a simple measurement of magnetic properties, a conventional way is attracting the magnetic nanoparticles 

by neodymium magnet. Figure 3.18 shows the behavior of magnetic colloid nanoparticles around the magnet.  

 Fundamentally, magnetic nanoparticles show many difficult physical phenomena. For example, nano-sized 

magnetic particles have specific and unique critical sizes of single domain and superparamagnetism. Figure 3.19 

shows several kinds of magnetic nanoparticles’ critical size.  

 

Figure 3.19. Magnetic nanoparticle liquid sample and TEM images 
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Figure 3.20 Magnetic nanoparticles’ critical size of single domain and multi-domain according to differ-

ent nanoparticle components referred from Tianlong Wen et al.63   

 

 Therefore, the magnetic coercivity value of magnetic nanoparticles is the highest around the critical size point, 

and decease as nanoparticle size decreases because of superparamagnetic limit. As nanoparticle size increases, the 

coercivity value of almost nanoparticles would definitely be zero at room temperature. Another interesting phe-

nomenon is related to blocking temperature which is indicated by the peak observed in the zero field cooling (ZFC) 

measurement. The blocking temperature shows how magnetic nanoparticles react with various temperatures, and 

its transition between superparamagnetism and blocked state as a function of the temperature. With these infor-

mation, we could obtain at which temperature the magnetic nanoparticles can be utilized more usefully. Then, we 

analyzed how the ordered nanoparticles could enhance the magnetic nanoparticle coercivity and their blocking 

temperature.  

 Starting with the cobalt ferrite, we first measured their magnetic performance using SQUID measurement. For 

SQUID measurement, the analysis data was obtained using a Quantum Design MPMS SQUID VSM DC magne-

tometer with fields up to 7T and temperatures from 1.8 – 400K. Each different 3, 5, and 8nm size cobalt ferrite 

magnetic nanoparticles shows different blocking temperatures and different coercivity values depending on the 

magnetic nanoparticle size in Fig 3.20. 
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Figure 3.21 DLS data, TEM images, and SQUID data of magnetic cobalt ferrite nanoparticles with different 
size. Bottom first graph shows M-T curves of the nanoparticles, second and third one shows M-H curves of 
the nanoparticles. 

 

 With these results, we referred to the structure design from S. Thomas et al..64 This study made bilayer films 

ferromagnetic Fe / antiferromagnetic CoO films on the substrate described in Figure 3.21. In the structure design, 

exchange bias effect was developed.65,66,67,68 Here, we used ferrite nanoparticles which have weaker opposite mag-

netic moments than antiferromagnetic materials. The structure, which has opposite magnetic moments, fasten the 

ferromagnetic moments to not easily change their moment direction on the interface between two different mate-

rials. This effect of interaction can enhance or show the difference in the graph of hysteresis loop. However, the 

difference has not been detected yet. 
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Figure 3.22 Scheme of structure design with magnetic nanoparticles for enhancement 
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3.6. Optical properties of supercrystal 

One of the interesting fields of semiconductor nanoparticles, photoluminescence have been variously seen. Cad-

mium selenide quantum dots are now commercially used as luminescent labels in biotechnology. Also, the semi-

conductor nanoparticles have been tested for light emitting diodes and display applications. Simply put, for optical 

properties, we tried to use CdSe/CdS core-shell nanoparticles. The properties of core-shell nanoparticles can ad-

ditionally be determined by the core-shell interface. The optical phenomena in the semiconductor nanoparticles 

are highly affected by particle size, lattice mismatch of core shell materials, surface and interface structure. Then, 

this means outer assembled structure also can affect the photoluminescence spectra. 

 

Figure 3.23 The Photoluminescence spectra of CdSe/CdS nanoparticle film 
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Figure 3.24 Photoluminescence spectra of CdSe/CdS nanoparticle supercrystals and optical microscope 
images. (a) Trapezold shape supercrystal (b) Hexagon shape supercrystal (c) rectangle shape supercrystal 
(d) triangle shape supercrystal 

 

 Therefore, we made thin film on the SiO/Si substrate for PL measurements in Figure. For comparing with ordered 

structure, CdSe/CdS nanoparticle supercrystals also were made on the substrate in Figure. The figures shows little 

red shift in the nanoparticle film graph.  
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4. Summary & Conclusion 

 

Chemically magnetic nanoparticles (ZnFe2O4, CoFe2O4, Fe3O4, Co), semiconductor nanoparticles (PbS, CdSe, 

CdSe/CdS) were synthesized by general synthetic routes to make monodisperse nanoparticles. Controllable 

growth and stabilization of the nanoparticles were obtained by exact controlled reaction time, reaction temperature, 

and the combination of organic surface ligands and solvents. Then, chemically synthesized ZnFe2O4, CoFe2O4, 

Co, PbS, CdSe, CdSe/CdS nanoparticles were self-assembled into highly periodic supercrystals. PbS nanoparticle 

supercrystals show inter-nanoparticle electrical performance with insulating organic ligands not having ligand 

exchange. CoFe2O4 nanoparticles show different blocking temperature which indicates different acting tempera-

ture. Moreover, CdSe/CdS core-shell nanoparticle supercrystals show little peak shift of photoluminescence spec-

tra, meaning controllable supercrstal structure factors with combination of other nanoparticles. The wide size and 

compositional range of nanoparticles provide a great opportunity to perform a systematic study of the electrical, 

optical, and magnetic properties of nanoparticle solids self-assembled from different types of nanoparticles. Fi-

nally, the possibility of combining different types of nanoparticles arises magnetic exchange coupling between 

soft and hard magnetic nanoparticles on atomic scale surface interface, and enhanced photoluminiescence or pho-

tocurrent of semiconductor nanoparticles affected by electronic interaction.  
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요 약 문 

 

나노 입자를 이용한 초결정(Supercrystal)의 전기적, 광학적, 전자기적 

특성 연구 

 

최근 다양한 형태/성질을 가지는 나노물질의 합성 기술의 발달에 따라 균일한 조성 및 

모양의 제어가 가능하여 이들 물질을 통한 물성제어 및 응용에 대한 연구가 활발히 진행되고 있

다. 하지만 기존의 대부분의 나노 물성 연구의 경우 단일 물질을 나노 스케일에서 제작하고 또한 

제작된 각각의 시료에 대한 물성 및 전기적/광전도등을 측정하여 왔다. 그러나 단일 및 이종 나노 

물질을 주기적으로 배열하거나 접합시킨 초격자(superlattice)에서는 각각의 나노 물질이 가지는 

물성과는 다른 새로운 물성을 나타낼 수 있으며, 이를 활용하면 단일 나노 구조에서는 나타나지 

않은 신개념의 신소재/소자 제작이 가능할 것으로 판단되지만 아직까지 이에 대한 연구는 거의 

이루어지고 있지 않다. 따라서 본 연구에서는 균일한 사이즈의 PbS, CoFe2O4, CdSe 나노 입자를 

고온주입(hot-injection)방법을 이용하여 합성하였으며, 합성된 나노 입자는 용매의 증발속도를 제

어 및 나노 입자의 표면제어와 같은 다양한 실험 조건을 바탕으로 자가조립(self-assembly)되는 

조건을 조절하여 주기적으로 배열된 2차원(superlattice) 및 3차원(supercrystals) 인공 나노 구조체

를 합성하였다. 초결정(supercrystals) 형성에 미치는 나노 입자의 조성, 사이즈, 모양의 영향을 조

사하였고, 제작된 초결정의 전기적, 자기적, 광학적 특성을 비교하였다. 

 

핵심어: 콜로이드 나노입자, 나노입자 초결정 
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