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ABSTRACT 

 

We present an implicit-solvent density functional theory study of lead selenide (PbSe) 

and lead sulfide (PbS) nanocrystal surfaces and investigate the effect of solvation on 

the adsorption of ligands and the surface energies of PbS and PbSe. We determine the 

binding energies of ligands in solvent medium on {100}, {110}, and {111} facets of 

PbS and PbSe using density-functional theory with a polarizable continuum model to 

describe the solvent.  We find that polar solvents significantly reduce the surface 

energies of PbSe and PbS and the ligand binding energies, whereas nonpolar solvents 

have negligible effects on surface energies and ligand adsorption. The results explain 

how polar solvents can be used to remove ligands from nanocrystal facets and provide 

guidance how to selectively remove ligands from specific surfaces. We also present 

work on patchy colloidal particles and propose the confinement of nonspherical patchy 

particles for photonic crystals. 
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CHAPTER 1 

NANOCRYSTALS 

 

1.1 Introduction 

Colloidal semiconductor nanocrystal quantum dots (NQDs) are innovative 

nanomaterials that can be applied in photovoltaic solar cell devices due to their unique 

and tunable electronic and optical properties.
1-7 

NQDs are of potential interest for solar 

energy applications because the fabrication of thin-film quantum dot solar cells is 

economically viable, and the band gap of semiconductor quantum dots can be adjusted 

to reach high-electrical conversion efficiencies by capturing more solar radiation.
3
 The 

simplest photovoltaic solar cell consists of two semiconductor layers, a p-type junction 

and an n-type junction, which absorbs photons emitted from ultraviolet (UV) 

sunlight.
8
 Solar cells can have a maximum theoretical efficiency of 33.7% according 

to the Shockley-Queisser limit for a p-n single junction cell.
9 

Multi-junction 

photovoltaic cells currently have the highest efficiencies which exceed 40%, whereas 

quantum dot solar cells have so far only achieved an efficiency of 5%.
3  

Semiconductor quantum dots range in size from 2−10 nm, and their shape can be 

tuned by choice of synthesis condition and capping ligands.
2,10-13 

A particular group of 

nanocrystals that are of interest in solar energy applications are lead chalcogenide 

(PbX; X=S,Se) nanocrystals due to their size-dependent tunable band gaps and strong 

quantum confinement, which allows the generation of many electron-hole pairs 

(excitons).
3,12-15 

The energy required to excite electrons from weakly-bonded electrons 

in the valence band into the conduction band is known as the fundamental band gap.
9
 

On the other hand, the energy required for photons to be absorbed is known as the 

optical band gap.
6,11,14

 The optical band gap and the fundamental band gap differ in 



2 

energies due to the exciton binding energy.
6,11,14

 The fundamental gaps of bulk lead 

selenide (PbSe) and lead sulfide (PbS) are 0.28 eV
11

 and 0.41 eV,
16

 respectively at 298 

K. The excitons in PbSe and PbS have a Bohr radii of 46 nm and 18 nm, respectively, 

with corresponding binding energies of 16.4 meV and 5.74 meV, respectively.
11,16-20

 

PbSe and PbS have a rock-salt crystal structure
15

 (Fig. 1.1-a), where the stoichiometric 

ratio of Pb to S and Pb to Se is 1:1. The investigated facets are illustrated in Figure 1.1 

b-d and are denoted by a set of Miller indices {hkl}. 

 

 

 

 

 

 

 

 

 

 

 

Ligands prevent nanocrystal agglomeration, improve the conductivity of nanocrystal 

films, and stabilize colloidal nanocrystal quantum dots.
1,21

 Figure 1.2-a illustrates 

ligand adsorption on nanocrystal surfaces, and Figure 1.2-b shows the desorption of 

ligands when a solvent is present in the system. The main purpose of the project is to 

account for solvent effects on ligand-capped lead chalcogenide nanocrystal surfaces in 

density-functional theory (DFT) calculations to determine ligand binding energies and 

also study doping effects in PbSe surfaces.
22

 Density-functional theory solves the 

many-electron Schrödinger equation by replacing the problem of finding the many-

Figure 1.1: Schematic of PbX crystal structures. a) Rock-

salt structure. b) PbX{100}. c) PbX{110}. d) PbX{111}. 

X=Se,S. Pb in gray; Se & S in yellow. 

a) 

c) d) 

b) 



3 

body wavefunction, Ψ with the much simpler problem of determining the ground-state 

electronic density, n(r).
23

 Using appropriate approximation choices for the exchange-

correlation functional, DFT has been shown to provide accurate energies and 

electronic structures for many types of materials.
23

 Moreover, molecular dynamics 

(MD) will be used to study the oxidation of lead chalcogenide surfaces.
24

  

 

 

 

 

 

 

 

 

In MD, Newton’s equations of motion are integrated to find the thermodynamic 

properties of a system.
25

 The implicit solvation model with linear polarization
26

 will be 

used to describe the effect of solvents in ligand binding on lead chalcogenide surfaces 

by representing the solvent as a continuous medium surrounding the solute.
27

 The 

implementation of a continuum solvent model in DFT calculations will reduce the 

number of degrees of freedom in a system and approximate long-range electrostatic 

forces in solvation phenomena
27

 and provide new binding energies, electronic 

properties, and optical properties of ligands on lead chalcogenide surfaces. In this 

study, lead acetate
2
 (PbAA2; Pb(CH3COO

-
)2), hydrazine

21
 (N2H4), 

dimethylformamide
28

 (DMF;C3H7NO), dithiolane
29

 (C3H6S2), and lead chloride
30

 

(PbCl2) ligands are simulated on lead chalcogenide surfaces.  

 

𝜖 > 1 

b) 

𝜖 = 1 

a) 

Figure 1.2: Illustration of lead acetate on a) a         

nanocrystal surface in vacuum (𝜖 = 1) and b) in solvent 

medium (𝜖 > 1). 
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1.2  Significant Previous Work 

1.2.1 Surface Energies 

 

The surface energies of the {111}, {110}, and {100} PbSe facets in vacuum have been 

studied by Fang et al.
31

 The {110} and {100} PbSe surfaces are stable, whereas the 

unreconstructed {111} PbSe surface is unstable. Fang et al.
31

 created reconstructed 

and nonpolar {111} PbSe slabs where half of the surface lead atoms are removed from 

the Pb terminated surface and added atop the Se terminated surface of the slab. The 

surface energy of the {100} and {110} PbSe slabs were 11.4 meV/Å
2
 and 19.84 

meV/Å
2
, respectively.

31
 The reconstructed {111} PbSe surface

31
 had a surface energy 

of 20.5 meV/Å
2
. The linear polarization model

26
 can be employed in DFT simulations 

to determine solvation surface energies of PbSe surfaces in DMF and study solvent 

effects on surface energies. The surface energies of PbSe surfaces in DMF will be 

compared to the {100}, {110}, and nonpolar {111} PbS surface energies in DMF. 

 

1.2.2 Surfactant Capping Agents and Oxidation  

 

Dai
32

 and collaborators studied the growth of PbSe nanocrystals in the presence of 

oleic acid surfactant agent and concluded that an increase in oleic acid resulted in a 

faster growth of PbSe nanocrystals.
32

 Dai et al.
32

 also observed a change in the PbSe 

nanocrystal shape when nanocrystals were exposed to air through Transmission 

Electron Microscopy (TEM) images. Dai et al.
32

 recommended alkyl amine capping 

agents instead of oleic acid ligands because alkyl amines can prevent PbSe shrinking 

during storage.
32

 Zarghami et al.
33

 also observed the oxidation of PbS and PbSe QDs 

by noting a decrease in PbS and PbSe core diameters during air exposure using 

absorption spectra. Oxidation is therefore an important factor in PbSe and PbS 
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synthesis and storage.
33 

MD simulations can be performed on ligand-capped PbSe 

NQDs in an oxygen (O2) or charged oxygen (O atoms) environment to study if the 

PbSe nanocrystal shape changes over time when capped with alkyl amines.
24,34

 

 

1.2.3 Nanocrystal Shape and Control 

 

Bealing et al.
2
 demonstrated changes in the PbSe nanocrystal shape when PbSe was 

capped with different oleic acid ligands and acetic acid ligands. Bealing et al.
2
 decided 

to study the oleic acid and acetic acid deprotonated anions on PbSe. Bealing et al.
2
 

assumed oleate and excess lead in the PbSe surface formed lead oleate ligands and 

predicted PbAA2 formation when acetate reacted with excess lead. Based on the 

results obtained by Bealing et al.,
2
 the nanocrystal shape transformed from a truncated 

octahedron to a cube as the lead oleate and PbAA2 coverage increased. The binding 

energies of lead oleate on PbSe surfaces decreased nonlinearly as the surface coverage 

increased.
2
 The work of Bealing et al.

2
 neglected solvent interactions with ligands and 

PbSe surfaces. Choi et al.
13

 performed DFT calculations of PbAA2 adsorption on 

{100} and nonpolar {111} PbS surfaces and obtained higher PbAA2 binding energies 

on the reconstructed {111} PbS surfaces. The linear polarization DFT model
26

 can be 

used to study ligand-capped lead chalcogenide surfaces in hexane, chloroform, 

ethanol, and DMF, which are solvents used in PbSe and PbS synthesis,
2,28,32-33,35

 and 

in propylene carbonate with a relative permittivity of 1.89, 4.806, 25, 36.71, and 64.9, 

respectively at 20°C.
36

 Lastly, Bader charges
37

 can be analyzed to validate PbAA2 

adsorption on PbSe and PbS surfaces. 
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1.2.4 Solvent Effects for Oleic Acid Capped PbSe Nanocrystals 

 

In Rosen et al.
28

 research work, oleic acid (OA) ligands were removed from PbSe 

surfaces in DMF medium. Dimethylformamide is a polar solvent with a relative 

permittivity of 𝜖 = 36.71 at 20°C.
36,38

 Researchers in Hanrath Group in the 

Department of Chemical and Biomolecular Engineering at Cornell University also 

observed the removal of oleic acid from PbSe in DMF
39

 by using Fourier transform 

infrared spectroscopy (FTIR) and concluded that DMF does not replace OA ligands 

when the PbSe-OA QD films are treated with DMF for short and long periods of time 

(1-60 min) because DMF IR peaks were not observed in PbSe-OA absorption spectra 

(see Figure 1.3).  

 

 

 

 

 

 

 

 

 

 

 

The oleic acid ligands, however, were removed after the PbSe-OA QD film was 

treated with DMF for a period of 15 minutes
39

 due to the absence of C-H (OA) 

absorption peaks near 2674 cm
-1

 and 2952 cm
-1

. The adsorption of DMF on PbSe can 

Figure 1.3: (adapted from 39) FTIR of a PbSe-OA 

thin film in DMF.  
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be analyzed using DFT simulations. It is unknown if the adsorption of DMF occurs 

when it is oriented normal to the PbSe surface and if DMF binds to PbSe when 

positioned parallel to the surface. The adsorption of PbAA2 on PbSe in DMF will be 

studied using DFT to confirm FTIR results and show that DMF removes acetic acid, 

which is a carboxylic acid that compares similarly in binding strength with oleic acid.
2
 

 

1.3  Computational Methods 

1.3.1 Density Functional Theory  

The adsorption of ligands on PbSe and PbS surfaces and surface configuration 

energies of PbSe and PbS were investigated using DFT and the projector-augmented 

wave method implemented in Vienna ab initio simulation package[21, 22]
 
(VASP). 

DFT calculations provided the ground-state energies of the investigated structures. 

The binding energies (Eb,hkl) of ligands on {hkl} PbSe and PbS surfaces were found 

using equation 1.[2] 

 

                         Eb,hkl = (EPbX{hkl} + Eligand) −  Eligand/PbX{hkl}                    (1) 

 

The ground-state energy of the ligand (Eligand), slab (EPbX{hkl}), and ligand on slab 

(Eligand/PbX{hkl}) were determined after forces and stress tensors were used to relax 

structures in VASP and after a minimum energy was obtained.[23] A positive Eb,hkl 

value indicates a molecule adsorbing favorably on the surface, whereas a negative 

binding energy signifies a molecule unbound in the system.[2] Accurate solvation 

binding energies were obtained from equation 1 after the linear polarization model[24] 

was applied to relaxed structures in DFT simulations. The linear polarization model 

uses a generalized Poisson-Boltzmann equation[24] shown below, 

 



8 

                                      ∇⃗⃗ ∙(ϵ(r)∇⃗⃗ ϕ(r)) = − 4πn(r)                             (2) 

 

where ϕ(r) represents the electrostatic potential, and n(r) represents the total electron 

density of the system.[24] Equation 2 accounts for the electrostatic interactions of 

ligands and crystal structures in a solvent medium when the relative permittivity (𝜖) is 

specified in VASP. 

 

1.3.2 Ligand Binding Energies 

 

The binding energies of one DMF and two DMF ligands were calculated for larger 

{100} PbSe and {100} PbS surfaces comprising of 80 atoms (40 Pb−40 X; X=Se,S), 

five layers, and a vacuum region of 12 Å with surface area dimensions of 12.41 × 

12.41 Å for PbSe and 11.98 × 11.98 Å for PbS. For PbAA2 ligands and more than 

three DMF ligands, a {100} PbSe slab with a total of 125 atoms (63 Se−62 Pb), five 

layers, and a 2.88 nm
2
 surface area in a vacuum of 12 Å was used. The systems that 

were constructed to analyze two DMF ligands were used to analyze the adsorption of 

hydrazine, dithiolane, and lead chloride on PbSe and PbS surfaces. The coordinates of 

each structure were obtained from Avogadro software[23] and Atomistic Simulation 

Environment 3.60 (ASE)[25] software and visualized in Visualization for Electronic 

and Structural Analysis[26] (VESTA) program. All calculations were performed using 

the Perdew-Burke Ernzerhof projector augmented-wave (PBE-PAW) exchange-

correlation functional.[27, 28] A PbSe lattice constant parameter, ao of 6.205 Å and a 

PbS lattice constant parameter of 5.993 Å was obtained by first converging the cutoff 

energy to find the lowest energy at a specific ao and then relaxing the unit cell volume 

in VASP (see Table S1-S3 in Appendix).  
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1.3.3 Crystal Structure Coordinates  

 

The crystal structure coordinates of PbSe and PbS were obtained from Avogadro 

software. The coordinates of all investigated ligands were obtained from Avogadro 

software. The PbSe and PbS slabs were constructed using Atomistic Simulation 

Environment 3.60 (ASE)[25] and a supercell program. In a 1 × 1 × 1 conventional 

unit cell, PbSe and PbS have a total of 8 atoms. Before ab initio simulations, ligands 

were individually positioned 2.8 – 3.5 Å above PbX surfaces. 

 

1.3.4 Convergence Tests 

 

PbSe and PbS cutoff energies were determined using bulk structures and performing 

energy convergence tests. The energy convergence tests started with the highest cutoff 

energy found in PbSe or PbS atoms and finalized when energy convergence was 

satisfied. During relaxations and convergence tests, the ground-state energies were 

converged to less than 1 meV/atom. A conventional unit cell having a total of eight 

atoms was used to determine the cutoff energies for PbSe and PbS slabs. The 

conventional unit cell of PbSe converged at 400 eV, and the conventional unit cell of 

PbS converged at a cutoff energy of 450 eV. Convergence tests were peformed on k-

point meshes to sample the Brillouin zone (reciprocal primitive cell) and determine k-

point densities for PbS and PbSe slabs. A k-point density of 60 per Å
–1

 was observed 

for PbSe and PbS conventional cells. The automatic k-mesh generation was employed, 

and the Gamma-centered k-point meshes were 5 × 5 × 1 for {100} PbSe and PbS 

surfaces, 4 × 4 × 1 for {110} PbSe (50 Pb−50 Se atoms) surfaces, and 3 × 4 × 1 for 

reconstructed {111} PbSe (48 Pb−48 Se atoms) surfaces.  One k-point (1 × 1 × 1) 

was used for ligands in bulk. In addition, the top two layers of the PbSe and PbS slabs 
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were only allowed to relax, and Eb,hkl was calculated by applying a cutoff energy of 

550 eV in ligands, slabs, and ligand on slab structures. Soft PBE-PAW exchange 

correlation functionals were used in all ligands to obtain low convergence cutoff 

energies. Dimethylformamide was relaxed in a volume with dimensions 13 × 13 × 13 

Å using soft pseudopotentials and a cutoff energy of 500 eV. Relaxations of the 

ligands on PbX surfaces were performed using a cutoff energy of 550 eV. Different 

Monkhorst-Pack k-point meshes were applied to ligands on PbX surface models (see 

Table S2). The convergence criterion used for electronic relaxations was less than 1 

meV/atom. Table S4 in the Appendix section shows the permittivity values applied to 

all structures in DFT calculations to account for solvent effects. 

 

1.3.5 Stable Configurations 

 

Figure 4 illustrates different PbAA2 configurations on {100} PbSe surfaces. Several 

PbAA2 geometries were analyzed in VASP to determine the most stable configuration 

of PbAA2 on {100} PbSe and understand how PbAA2 binds to PbSe surfaces. Figure 

1.4-b represents the configuration of PbAA2 that binds strongly to PbSe because the 

oxygen atoms of PbAA2 interact with Pb surface atoms.  

 

 

 

 

 

 

 

 

Figure 1.4: PbAA2 on {100} PbSe surfaces. a) Eb = 0.24 eV 

(vacuum). b) Eb = 0.42 eV (vacuum), Eb = −0.12 eV (in DMF 
medium). c) Eb = 0.30 eV (vacuum). Pb in gray blue; Se in 

yellow; O in red; C in cyan; H in white. 

a) b) c) 
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1.3.6 Solvation Surface Energies 

 

The solvation surface energies of PbS and PbSe surfaces were calculated by applying 

the linear polarization solvent model
26

 on bulk PbSe and PbS structures. A bulk 

energy, Ebulk of −4.11 eV/atom was obtained for PbSe in vacuum. The bulk energy of 

PbS in vacuum was approximately −4.40 eV/atom. The linear polarization solvent 

model was applied to relaxed slabs that had a vacuum spacing that ranged 10−14 Å 

(see Fig. 1.5).  

 

 

 

 

 

 

 

 

 

The {100} slabs contained 9 layers, while the {110} and nonpolar {111} slabs had 8 

layers (2 Pb−2 X per layer; X=Se,S). The Gamma-centered k-point meshes were 10 × 

10 × 1, 7 × 10 × 1, and 8 × 8 × 1 for {100}, {110}, and nonpolar {111} surfaces, 

respectively, and equation 3 was used to evaluate surface energies
2 
(𝛾hkl), 

 

γ
hkl 

= 
E

PbX{hkl}
− NEbulk

2A
             (3) 

 

Figure 1.5: Illustration of PbX slabs. a) {100} PbX. PbSe: 

6.205 Å × 6.205 Å; PbS: 5.993 Å × 5.993 Å. b) {110} PbX. 

PbSe: 8.775 Å × 6.205 Å; PbS: 8.476 Å × 5.993 Å. c) {111} 

PbX. PbSe: 8.775 Å × 8.775 Å; PbS: 8.476 Å × 8.476 Å. 

 a)  b)  c) 
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where N is the number of atoms in the system and A is the facet area. An area of 

√2ao × ao was used to calculate γ
110

. The area used to calculate the surface area for a 

{100} facet was ao
2, and the area used to calculate γ

111
 was √3ao ×  ao.  

 

1.4 Results 

1.4.1 Binding Energies 

 

The binding energies of PbCl2 on {100} PbS and PbAA2, N2H4, and C3H6S2 separately 

on {100} PbSe surfaces in the presence of solvent medium are shown in Figures 1.6 a-

b.  

 

 

 

 

 
 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

The data reveals a reduction in binding energy as 𝜖 increases and shows the polar 

solvents affecting the adsorption of the ligand on PbSe or PbS surface. The high-polar 

solvents lead to the desorption of the ligand from the PbSe or PbS surface, which can 
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Figure 1.6: Binding energy plotted against 𝜖 for a) PbCl2 on {100} PbS, b) organic 

ligands on {100} PbSe, and c) DMF on PbSe surfaces, 𝜃=90°. d) Binding energy 

plotted against surface coverage for {100} PbSe surface, 𝜃=90°. 
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be confirmed with negative Eb values. The ligands were not adsorbed to PbS and PbSe 

surfaces in solvents with large dipole moments due to strong electrostatic interactions 

between solvents and ligands. Hydrazine has an Eb of 0.37 eV on {100} PbS in 

vacuum (Fig. 1.6-b), which is slightly higher than Kutana’s
21

 result for N2H4 on {100} 

PbSe (Eb = 0.34 eV). An Eb of 0.24 eV and 0.42 eV was found for a coverage of 1.30 

AA
-
/nm

2
 (Fig. 1.5-a) and 0.70 AA

-
/nm

2
 (Fig. 1.5-b), respectively on {100} PbSe. 

Bealing et al.
2
 obtained an Eb value of 0.87 eV for a coverage of 0.75 AA

-
/nm

2
 and 

0.52 eV for a coverage of 1.30 AA
-
/nm

2
 on {100} PbSe surface.  

 

Figure 1.6-c also has similar characteristics as Figures 1.6 a−b. Lower ground-state 

energies were observed in all ligands, slabs, and ligand-slab structures when 𝜖 was 

increased due to electrostatic interactions between structures and solvents. The 

adsorption of DMF on {100} PbSe and {110} PbSe were similar at low 𝜖 values, but 

lower DMF binding energies were obtained on {111} PbSe (Fig. 1.6-c). Figure 1.6-d 

shows Eb decreasing with surface coverage for DMF, and Figure 1.7 illustrates DMF 

at different positions and orientations on PbSe. VASP results indicate DMF binding 

strongly to {100} PbSe and {100} PbS surfaces in vacuum when positioned normal to 

the surface (Fig. 1.7-b) and binding less strongly to PbSe and PbS surfaces in DMF 

medium. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.7: DMF adsorbed on {100} PbSe surface in vacuum with an Eb of a) 0.22 eV, Eb,DMF = 

–0.16 eV for O(DMF)–Pb(PbSe) [𝜽 = 180°] distance difference, d = 2.93 Å, b) 0.37 eV, Eb,DMF 

= 0.062 eV for O(DMF)–Pb(PbSe) [𝜽 = 90°], d = 2.81 Å, and c) 0.023 eV, Eb,DMF = –0.21 eV 

for N(DMF)–Pb(PbSe) [𝜽 = 180°], d = 2.88 Å. Pb in gray blue; N in blue; C in cyan; H in 

white; O in red; Se in yellow. {100} PbS surface: a) Eb = 0.21 eV, Eb,DMF = –0.17 eV. b) Eb = 

0.32 eV, Eb,DMF = 0.033 eV. c) Eb = –0.022 eV, Eb,DMF = –0.40 eV (d = 2.90 Å for cases a-c in 

PbS surface). 

c) b) a) 
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1.4.2 Solvation Surface Energies 

 

Figure 1.8 reports the solvation surface energies for three PbSe and PbS facets and 

compares the surface energies in DMF with those in vacuum. Using the PBE 

functional, the energy ordering of the facets is γ
100

< γ
110

< γ
111
 for PbSe and PbS 

surfaces. The solvation surfaces energies of PbSe are relatively similar to the solvation 

surface energies of PbS but are lower than the surface energies of PbSe in vacuum. A 

decrease in surface energy is also observed for PbS in DMF.  

 

 

 

 

 

 

 

 

 

Figures 1.9 and 1.10 report the solvation surface energies for three PbSe and PbS 

facets and compares the surface energies in various solvents with those in vacuum. 

Using the PBE functional, the energy ordering of the facets is γ
100

< γ
110

< γ
111
 for PbSe 

and PbS surfaces. The solvation surfaces energies of PbSe are relatively similar to the 

solvation surface energies of PbS but are lower than the surface energies of PbSe in 

vacuum.  

   Figure 1.8: PbSe and PbS Solvation Surface Energies.   
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Figure 1.9 and 1.10 also illustrate the surface energy of the PbSe and PbS facets 

decreasing logarithmically as the relative permittivity increases. We developed an 

empirical model for the solvation surface energy of PbSe and PbS. Equation 4 is the 

Figure 1.9: Surface energy of (100), (110), and (111) PbS facets 

changing with relative permittivity. 
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Figure 1.10: Surface energy of (100), (110), and (111) PbSe facets changing 

with relative permittivity. 
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solvation surface energy of a material with hkl indices as a function of relative 

permittivity, ε 

 

                             γhkl (ε) =  −Aln(ε)  +  B                      (4) 

 

where A and B are fitting parameters. Parameter B represents the surface energy of 

{hkl} facet material at vacuum conditions (ε = 1). As relative permittivity increases to 

values ε > 1, the surface energy of the material decreases.  

 

                                 
𝑑γhkl (ε)

𝑑𝜀
= −

𝐴

𝜀
                         (5) 

                              lim𝜀→∞
𝑑γhkl (ε)

𝑑𝜀
= 0                   (6) 

As the limit of 𝜀 approaches infinity (𝜀 → ∞), the surface energy of the material 

reaches a minimum value, γhkl ,min(ε). From DFT calculations, we note that the fitting 

parameters vary with {hkl} facet of PbSe and PbS. The fitting parameters determined 

for the surface energy of PbSe facets were similar but not equal to the fitting 

parameters of PbS surface energy expression. The following fitting parameters were 

obtained for PbSe and PbS facets shown in Table 1.1. 

 

Table 1.1: Fitting parameters for calculating solvation surface energy of PbS and 

PbSe facets. 

Facet Fitting Parameters  

APbS APbSe BPbS BPbSe 

(100) 1.50 1.40 11.77 11.55 

(110) 2.56 2.36 20.75 20.02 

(111) 2.67 2.27 22.90 21.29 
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1.5 Research Plan  

1.5.1 Monofunctional and Bifunctional Ligands  

 

Accurate binding energies for PbAA2 on {100}, {110}, and nonpolar {111} PbS and 

PbSe surfaces in vacuum and solvents will continue to be determined. A new model 

will be proposed for binding energy when solvents are accounted in which Eb will 

depend on the surface coverage and the permittivity.
2
 Another group of ligands are 

dicarboxylic acids (bifunctional ligands). These ligands can be studied in VASP to 

examine their adsorption strength on PbSe and PbS surfaces in solvents. We propose 

to study lead oxalate, lead fumarate, and lead maleate ligands on PbSe and PbS 

surfaces.
35

 The first approach will be to construct the ligand by binding the dianion of 

the dicarboxylic acid with a Pb atom in bridging or chelating mode.
2,35

 The next step 

will be to position the ligands above Pb surface atoms using XMakemol
50

 software. 

Chelating and bridging modes will be analyzed to determine binding energy 

differences in each configuration, and the binding energies will be compared to the 

binding energies of PbAA2 on PbS and PbSe surfaces. 

 

1.5.2 Analysis of Ligand Binding 

 

The adsorption of PbAA2 and DMF on {100}, {110}, and nonpolar {111} lead 

chalcogenide surfaces in vacuum and solvents can be studied further by applying 

Bader charge analysis.
37

 The charge of lead surface atoms will be compared before 

ligand adsorption and after ligand adsorption to identify the atom in the ligand that 

mostly transfers electrons to PbX (X=S,Se) surfaces. The Bader charge algorithm is 

integrated into VASP by obtaining the Bader analysis program from the Henkelman 

Research Group at the University of Texas at Austin.
42 

Electron accumulation in the 
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ligand-slab system will be visualized by obtaining the highest occupied molecular 

orbitals (HOMO) and lowest unoccupied molecular orbitals (LUMO)
51

 from Bader 

charge data in XCrySDen
52

 software. The local density of states (projected DOS) of 

the relaxed ligand-slab structure will also be obtained from VASP
42

 to determine the 

effect of ligands on the electronic structure of PbX by following Lee
42

 methodology 

where the number of states per unit cell and the projected orbitals of each band will be 

used to obtain the energy levels and occupancies at each orbital. 

 

1.5.3 Silver Doped PbSe Surfaces 

 

Having analyzed binding energies of various ligands on lead chalcogenide surfaces in 

solvent medium, the next step will be to study the effects of doping on electronic 

properties in PbSe. “Heavy doping” of lead chalcogenide nanocrystals is a challenge 

due to the difficulty of introducing multiple charges consistently into quantum-

confined band-edge states.
22

 The effects of silver (Ag) doping on PbSe surfaces on the 

adsorption energy of tetracyanoquinodimethane [(NC)2CC6H4C(CN)2] will be 

investigated in VASP.
51,53

 The adsorption energy of tetracyanoquinodimethane will be 

studied and compared to DMF as a function of Ag concentration.
51,53

 Structures will 

be prepared in Avogadro software. Density of states
 
(DOS) for intrinsic PbSe and Ag-

doped PbSe will be obtained from VASP by using a denser k-point grid and increasing 

the convergence criterion.
42,54

  Furthermore, adsorption energy equations studied by 

Xu et al.
51

 will be modified and applied to the proposed systems in order to compare 

adsorption energies of organic adsorbates on Ag-doped PbSe surfaces to adsorption 

energies of organic adsorbates on intrinsic PbSe surfaces. 
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1.5.4 Surface Oxidation on PbSe Nanocrystals 

 

The adsorption of oxygen on {100}, {110}, and nonpolar {111} PbSe surfaces will be 

explored in VASP.
55

 The purpose of studying oxygen adsorption on PbSe surfaces is 

to observe changes in PbSe structure and determine the lowest energy binding 

structures after oxidation.
55

 PbSe surfaces will be constructed in ASE, and the O2 

molecules as well as the O atoms will be placed at random locations above the 

topmost atom of the surfaces in Avogadro software.
22

 The next step will be to explore 

the dynamics of oxidation in PbSe nanocrystals using Large-scale Atomic/Molecular 

Massively Parallel Simulator
56

 (LAMMPS) software. To accurately model chemical 

reactions in this project, the reactive force field interatomic potential (ReaxxFF) will 

be used.
2
 For computational efficiency, the oxidation of {100}, {111}, and {110} 

PbSe surfaces will be simulated first in LAMMPS, and atomic configurations will be 

obtained using Visualization Molecular Dynamics
57

 (VMD) program. A PbSe 

nanocrystal will be modeled in the shape of a cube-octahedral.
34

 A Fortran code will 

be created to position alkyl amine ligands on PbSe surfaces and O atoms in vacuum. 

The surface oxidation of PbSe nanocrystals will be investigated at 298 K for a 

constant volume, pressure, and temperature (NVT) system. MD simulations will run 

until thermodynamic equilibrium is satisfied.
25

 The radial distribution functions (RDF) 

will be obtained from LAMMPS to analyze the interactions between oxygen and 

surface PbSe atoms,
2
 and the nanocrystal structure will be visualized in VMD to note 

any shape changes.  

 

1.6 Conclusion  

 

The integration of the solvation model in ab-initio density functional theory 

calculations allowed further studies of the effect of solvents in facet surface energies 
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and the adsorption of ligands on nanocrystal facets. In this study, lead sulfide and lead 

selenide nanocrystal facets were constructed to determine ligand solvation binding 

energies and determine solvation surface energies. Based on the studies performed 

using VASP and the solvation model, surface energies as well as ligand binding 

energies changed as a function of the dielectric constant of the solvent medium. 

Solvents with higher dielectric constants significantly reduced surface facet energies 

and ligand binding energies. Low dielectric constant solvents, on the other hand, did 

not have a significant impact on surface energies and ligand binding energies when 

compared to vacuum system models. Both solvation surface energies and solvation 

ligand binding energies demonstrated a logarithmic decrease behavior as the dielectric 

constant increased with respect to the vacuum system (𝜀=1).  
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CHAPTER 2 

PHOTONIC CRYSTALS 

2.1 Introduction 

 

Photonic crystals have a periodic refractive index in one dimension, two dimensions, 

quasi-two dimensions (slab), or three dimensions.
1
 The periodicity of refractive index 

in 1D, 2D, and 3D in photonic crystals is modeled in Figure 2.1.  

 

 

 

 

 

 

Photonic crystals can be used for spatial localization as waveguides and resonators. 

Other applications that photonic crystals can be utilized for include spontaneous 

emission control for photovoltaic solar cells and lasers, superlens for imaging beyond 

the diffraction limit, and optical integration and optoelectronics. As of today, 

challenges remain in fabricating diverse structures with strong light-matter interaction. 

At the molecular scale complex structures commonly form, ‘programmed’ by the 

chemical functionality of the constituent groups within molecules.
2
  Our aim is toward 

studies that extend the concepts, which build materials at the molecular scale, to the 

assembly of objects at the submicron scale. Patchy particle systems which utilize 

DNA, proteins, or lipid bi-layers to provide direction specific binding between 

spherical particles have already been reported.  Particularly, our approach will 

ultimately utilize confinement of patchy nonspherical particles for directing the 

Figure 2.1: Periodic refractive index in 1D, 2D, and 3D. [1] 
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colloidal assembly and produce mesoscale structures that can allow light control 

through photonic crystal effects. 

 

2.1.1 Patchy Particles 

 

Patchy particles are particles that have interaction “patches” on the surface
.3-5

 Patchy 

particles can assemble into different structures depending on the chemical properties 

of the patches.
2,6-7

 Many fabrication techniques have yielded patchy particles, and 

these fabrication techniques are illustrated in Figure 2.2.  

 

 

 

 

 

 

 

 

 

 

 

Techniques for synthesis and microfabrication of patchy particles include templating, 

colloidal clusters, particle lithography, glancing angle deposition, nano-sphere 

lithography, and capillary fluid flow.
2
 In this study, we mostly focused on using the 

glancing angle deposition to coat particles with metal thin films. Chen et al.
8
 examined 

the assembly and arrangements of patchy particles using glancing angle deposition. In 

Chen’s work, silica microparticles were coated with gold and titanium, and the surface 

Figure 2.2: Techniques for synthesis and microfabrication of patchy particles. [2] 
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of the patchy particles was modified with a thiol ligand to make the particles 

hydrophobic.
8
 The patchy particles produced by Chen’s research work had three 

different structural patterns. If the particles were coated at an angle of 30 degrees, the 

particle had a K-bonding geometry after gold etching the gold particles which resulted 

in a Kagome lattice structure
8
 as shown in Figure 2.3. Etching the gold for a period of 

more than 120 seconds after thin film deposition resulted in a Y-bonding geometry 

and an hexagonal lattice structure once particles assembled in solution.
8
  

 

 

 

 

 

 

 

 

 

 

 

 

Patchy particles were fabricated by drop-casting a silica colloidal suspension on a 

substrate. The monolayer of silica particles was exposed to gold on one side and lifted 

using an elastomeric stamp. The particles with a silica hemisphere on the top and a 

gold hemisphere on the lower hemisphere were exposed to gold one more time. The 

particles were completely covered with gold, and the gold in the particles was etched 

for a period of time. Based on the gold etching time, Chen and researches observed a 

change in bonding geometry and patch size if the gold etching time was increased. An 

Figure 2.3: (left) Schematic models of distorted Kagome lattice 3636 and 312
2
, 

respectively from building blocks with ‘K’ and ‘Y’ bonding geometry.[8] (right). 

Optical images of hexagonal lattice formed by X-type silica patchy particles. 
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x-bonding geometry was obtained from a time range of 0 seconds to 100 seconds, and 

a Y-bonding geometry was observed after 100 seconds.
8
 The polar angle associated 

with patch size as a function of etch time is shown in Figure 2.4-b, and an illustration 

of patchy particle formation using Chen’s techniques is shown in Figure 2.4-a. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.1.2 Janus particles 

 

Janus-type particles are particles with two different “faces”.
9-11

 In other words, a Janus 

particle has both polar and apolar faces. Figure 2.5-a shows an illustration of a Janus 

particle. The patch size of the Janus particle can change by varying the half opening 

angle, θap. In Figure 2.5-b, an SEM shows a three-dimensional illustration of the silica 

Janus particles containing gold patches fabricated using thin film evaporation. The 

Figure 2.4: (a) Schematic of patchy particle preparation from colloidal 

monolayer: [1] metal deposition up to hemisphere, particle stamping, 

repeat [1], etching preferential from equatorial plane.  (b) Change in polar 

angle (associated with patch size) as a function of etch time.  Asymmetric 

patches form at times greater than 100 s. (c-e). Scanning electron 

microscope images of patchy particles with X, Y, and Z-bonding 

geometries.[8]  

c d e 
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hemispheres with brighter regions contain gold material, and the gray hemispheres are 

silica material.
10-11

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Janus particles are potential application materials that can be used in biological 

sensors, antireflection coatings, and optical devices.
12

 Iwashita and Kimura carried out 

experiments and computational Monte Carlo simulations on Janus particles. Janus 

particles were dispersed in a binary mixture of 2,6-lutidine and pure water and 

confined in a wedge-cell. The particles were characterized using an optical microscope 

that illustrated particle patterns. The wedge-cell was prepared using two cover glass 

slips where one cover glass was treated at high temperatures (500 Celsius) to make it 

hydrophilic, while the second cover glass was chemically modified using 

perfluorodecyltriethoxysilane to make it hydrophobic.
11

 Figure 2.6-a through Figure 

2.6-d show optical images of Janus particles confined in a wedge-cell. Figure 2.6-e 

show schematic models of the Janus particles confined in solution, and the pattern 

formation process is shown on the optical images in Figure 2.6-a through Figure 2.6-d. 

 

 

Figure 2.5: (left) Illustration and scanning electron microscope image of 

one-patch Janus particle. (right) Schematic models and optical images of 

Janus particles confined in a wedge cell.[11] 
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The schematic model (1) in Figure 2.6-e corresponds to Figure 2.6-a, and the 

schematic model (2) corresponds to Figure 2.6-b and Figure 2.6-c. Drawing 3 in 

Figure 2.6-e is represented in Figure 2.6-d. Drawing 1 corresponds to (a), drawing 2 to 

(b) and (c), and drawing 3 to (d).
11

 The wedge-cell was heated at temperatures above 

the critical temperature of the solvent, which led to a change in particle pattern from a 

short-range zigzag stripe pattern into a homogeneous hexagonal array shown in Figure 

2.6-a. Cooling the confined Janus particles to lower temperatures than the critical 

temperature resulted in a change in pattern to a zigzag stripe pattern with 

monodomains, defects, or grain boundaries as shown in Figure 2.6-b and Figure 2.6-c. 

A more ordered zig-zag stripe pattern was obtained by heating the sample at 

temperatures closer to the critical temperature of the solvent. Iwashita and Kimura 

showed a method that can produce particle patterns in a confined space and showed 

the effect of solvent phase transitions on particle ordering by exposing confined Janus 

particles in solution at various different temperatures.
11

 

 

 

 

 

Figure 2.6: Optical images of Janus particles in binary mixture confined 
in wedge-cell and models of the particle patterns in wedge cells.[11] 
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2.1.3 Confinement of Anisotropic Colloids  

 

Confinement studies on colloidal particles have shown unique pattern formations. In 

Muangnapoh’s work, silica hollow peanut particles were confined in a wedge-cell and 

visualized using a confocal laser scanning microscope.
13

 The depth profiles of the 

wedge-cell containing silica hollow peanut particles are shown in Figure 2.7.  

 

 

 

 

 

 

 

 

 

 

 

 

 

The confocal laser scanning microscopy images reveal different patterns and 

arrangements of colloidal silica hollow nonspherical particles. The arrangement of 

particles in Figure 2.7-a shows an hexagonal monolayer, and in the next image (Figure 

2.7-b), the particles are arranged in a buckled state. A bilayer square structure, a 

bilayer hexagonal type I, and a bilayer hexagonal type II are obtained as well as 

observed in Figure 2.7-c through Figure 2.7-e. The variation of ordering and particle 

patterns is due to the gap height of the wedge cell. The positions and arrangement of 

Figure 2.7: Confocal microscopy images (z-slice, side views) for anisotropic 

colloids (not patchy) under confinement. (a) aligned in-plane, hexagonal monolayer 

(1Δ) (b) buckled state (1B) (c) bilayer square structure (2□) (d) bilayer hexagonal 

type I (2Δ
I
) (e) bilayer hexagonal type II (2Δ

II
).[13] 
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the particles in the wedge cell vary as gap height is increased. The development of 

hexagonal and square symmetric arrangements determined as a function of gap height 

is represented as 1Δ2□2Δ3□..nΔ(n+1)□(n+1)Δ, where n is the 

number of layers in the colloidal thin film. Monte Carlo simulations confirmed the 

experimental results shown in Figure 2.7 above where silica peanut particles were 

represented as dimers and the arrangements of the dimers in confined walls yielded 

different phase structures as gap height was varied. The phase structures are modeled 

in Figure 2.8-a through Figure 2.8-f.
13 

 

 

 

 

 

 

 

 

 

 

 

Monte Carlo simulations can provide information on gap height, H, as a function of 

packing fraction, 𝜙, and from this computational data, the fraction of particles oriented 

out-of-plane can be calculated. The color map in Figure 2.9 shows the symmetric 

arrangements obtained from experiments and simulations and the gap height ranges 

that correspond to each phase structure.
13 

 

 

Figure 2.8: Monte Carlo simulations for phase behavior corresponding to 

experiment.  Rhombic phase (d) not observed due to challenging in reaching 

highest density phase regions.[13] 
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2.1.4 Stöber Method  

 

The hydrolysis of the alkoxysilane used in this study with water is shown in the first 

reaction shown below. The alkoxysilane reacting with water is tetraethylorthosilicate. 

The hydrolysis of tetraethylorthosilicate is base-catalyzed by ammonia. The ammonia 

will negatively charge the surface of the silica particles. The condensation of Si(OH)4 

is shown in reaction 2 and base-catalyzed with ammonia. The product of the 

hydrolysis and condensation of tetraethylorthosilicate is silica (SiO2). The base-

catalysis is accompanied with ethanol, an alcohol that can assist in obtaining uniform 

silica particles.
14-20

  

 

 

 

 

 

Figure 2.9: H*-𝜙 phase diagram of dimers.[13] 

 

Si(OC2H5)4 + 4H2O    
NH

3       Si(OH)4 + 4C2H5O  (reaction 1) 
 

 

Si(OH)4     
NH

3       SiO2 + 4H2O   (reaction 2) 
 

 

alcohol 

alcohol 
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The final particle size is influenced by the ionic strength of the reaction medium, such 

as the concentration of ammonia and water, and the rate of hydrolysis reaction is 

influenced by the strength and concentration of the acid or base catalyst. The reaction 

temperature and the solvents used in the reaction (i.e., ethanol) have secondary effects 

on the particle size.
15

 

 

2.2 Experimental Methods 

2.2.1  Synthesis of fluorescent silica particles 

 

Fluorescent silica monodisperse microparticles were synthesized and prepared to 

microfabricate patchy colloidal particles needed for confinement studies of 

microparticles in wedge-cells. The Stöber method was applied to make silica 

monodisperse particles where tetraethylorthosilicates, ammonium hydroxide, ethanol, 

and water were used to make 600 nm monodisperse silica particles. Rhodamine B 

isothiocyanate is mixed thoroughly to a mixture of 98% tetraethylorthosilicate (Sigma-

Aldrich), 25% ammonium hydroxide (Sigma-Aldrich), absolute ethanol (EMSURE), 

and 18 millipore (mΩ) water.
16

 The concentrations of each particular component in the 

mixture are shown in Table 2.1. 

 

 

Table 2.1: Concentrations of chemicals used in the synthesis of 600 nm silica particles. 

 

 

 

 

 

 

Component Molarity (M) 

Water 2.8 

Ammonia 0.72 

Ethanol 15.1 

TES, 98% 0.17 
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Monodisperse silica particles were stabilized first by stirring 670 mL absolute ethanol, 

51 mL 25% ammonium hydroxide, and 28 mL of 98% tetraethylorthosilicate. It was 

determined from previous trials of silica synthesis that RITC made the silica particles 

aggregate in the solution if added during the core growth. Rhodamine B isothiocyanate 

was added after making 400 nm silica core particles. Pure water and 

tetraethylorthosilicate were added in intervals every two hours to synthesize core-shell 

silica particles. After having 400 nm diameter size core-shell silica particles, RITC 

was added and subsequently more 98% tetraethylorthosilicate and milli-Q water was 

added in intervals until a diameter size of 600 nm was reached. Table 2.2 provides 

information on the quantities and volume used for each component used in the 

synthesis of fluorescent silica monodisperse particles with a final diameter size of 600 

nm.
14

  

 

 

Table 2.2: TES and milli-Q water volume and molar information for silica synthesis. 

 

 

 

 

2.2.2 Preparation of colloidal solutions & silicon substrates 

 

In addition to fluorescent silica monodisperse particles, dimers and hollow peanut-

shaped particles were microfabricated as well. The PMMA dimers and hollow peanut-

shaped particles were synthesized by Lyons, K. and Muangnapoh, K. in the Liddell-

Watson lab. The particles were also used to eventually obtain patchy non-spherical 

particles for confinement studies of gold-coated particles. The solvents used for 

making particle solutions used in spin-coating were 200-proof ethanol (Koptec) and n-

Interval: 2 h Volume 

TES & DI Water

1st interval

Volume (mL)

2nd interval

Volume (mL)

3rd interval

Volume (mL)

4th interval

Volume (mL)

5th interval

Volume (mL)

6th interval

Volume (mL)

7th interval

Volume (mL)

8th interval

Volume (mL)

TES 63.000 63.000 63.000 64.000 63.000 63.000 63.000 64.000

Total DI Water 

in Vessel 97.244 163.835 230.426 298.073 363.927 430.589 497.106 564.754

DI Water Added 58.994 66.591 66.591 67.648 65.854 66.662 66.517 67.648

Interval: 2 h Volume

 TES & DI Water

1st interval

moles

2nd interval

moles

3rd interval

moles

4th interval

moles

5th interval

moles

6th interval

moles

7th interval

moles

8th interval

moles

TES 0.415 0.699 0.984 1.272 1.554 1.838 2.122 2.411

DI Water 5.396 9.092 12.787 16.541 20.196 23.895 27.586 31.340

200 nm to 400 nm 400 nm to 600 nm
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butanol (Aesar). Silica microparticles with a size of 400 nm were centrifuged at speeds 

in the range of 700 rpm and 1000 rpm to remove ethanol and ammonia mixtures for 

ten minutes. Ethanol was added to the pellet of silica particles, and the resuspension of 

particles was accomplished using an ultrasonicator. The fluorescent 400 nm silica 

microparticles were sonicated in ethanol for more than ten minutes. Tumbling was 

another technique used to make particles stable in solutions by adding a 50 mM 

polyvinylpyrrolidone (PVP) in water solution onto silica hollow peanut particles. The 

silica hollow peanut particles in PVP-H2O mixture were tumbled for twenty-four 

hours in a rotating machine that mixed the particles in PVP and water solution. The 

PVP and water solution was removed by centrifuging the particles in water and 

ethanol a couple of times at speeds of 1000 rpm for five minutes. The silica hollow 

peanut particles were resuspended in n-butanol or ethanol for making monolayers of 

particles on substrates. PMMA dimer particles were sonicated in ethanol for about ten 

minutes and longer to make sure the particles were suspended well. Many colloidal 

particle suspensions were prepared for the study of patchy particles. Table 2.3 shows 

the concentrations of particles in solvents and the centrifugation speeds used to 

remove solvents for making clean colloidal suspensions. 

 

Table 2.3: Parameters and Conditions used to make colloidal suspensions. 

Particle Type Solvent Concentration 

(g/mL) 

Centrifugation 

Speed (rpm) 

Centrifugation 

Time (min) 

400 nm 

fluorescent 

silica 

microspheres  

Ethanol 0.11 500, 550 1 min, 1 min 

PMMA dimers Ethanol 0.028 3000, 2500, 

2000 

35 min, 25 

min, 25 min 

Silica hollow 

peanut particles 

n-butanol ~0.02 1000, 1500 10 min,  10 

min 

2 um silica 

microspheres 

n-butanol 0.04 8500 7 min 
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All silicon wafers and silicon substrates were cleaned using a piranha etching solution 

which consisted of 70% sulfuric acid (BDH) and 30% hydrogen peroxide (Fisher 

Scientific). Silicon substrates were placed in a 3:1 hydrogen peroxide and sulfuric acid 

solution for thirty minutes. Deionized water was used to rinse silicon substrates after 

piranha etching the substrates. The silicon substrates were dried with dry nitrogen and 

stored in wafer cassettes until further use. 

 

2.2.3 Spin-coating 

 

In order to make gold-coated particles, the particles needed to be spin-coated prior to 

thin film evaporation. Colloidal particle suspensions were sonicated for a minute and 

immediately deposited on the center of the silicon substrates prior to spin-coating. 

Spin-coating was applied to all particles to obtain a monolayer of particles on silicon 

wafer substrates. A spin coater model P6700 series was used with three spin-coating 

steps. The spin-coating conditions applied to silica particles and non-spherical 

particles varied from 200 rpm to 4000 rpm. The substrates were allowed to dry over a 

period of two to three hours for imaging due to excess solvent remaining after spin-

coating which needed a period of evaporation. 

 

2.2.4 Thin film deposition 

 

Silicon wafers with monolayers of particles were placed on an electron-beam 

evaporator to deposit 25 nm gold (Au) and 2 nm titanium (Ti) onto the hemispheres of 

particles. Janus-type particles only require one deposition of gold and titanium on one 

side of the particle, whereas patchy particles require deposition of gold and titanium 

thin films on both hemispheres of particles. The amount of titanium deposited was 
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varied from 2 nm to 10 nm for better adhesion of gold onto particles. Titanium was 

deposited first, and gold was deposited later. A vacuum pressure of less than 2 x 10
-6

 

Torr was reached during electron-beam evaporation to deposit a smooth thin film of 

titanium and gold.  

 

2.2.5 Lift-off Techiques 

 

Elastomeric stamps were prepared earlier to lift off monolayers of particles after thin 

film deposition. Polydimethylsiloxane (PDMS) stamps were made by preparing a 10:1 

weight ratio of Sylgard 184 elastomer and curing agent mixture. The Sylgard 184 

elastomer and curing agent mixture was placed under vacuum to remove any bubbles 

in the mixture and transferred to petri-dishes at room temperature. The PDMS was 

cured at room temperature for a period of twenty-four hours. Plasma treatment was 

performed on PDMS stamps using a Harrick plasma cleaner. The PDMS stamps were 

treated with plasma for a period of 90 seconds. Plasma-treated PDMS stamps were 

used to lift one-sided gold coated particles off silicon substrates by applying hand-

pressure onto PDMS stamps that were placed above gold coated silicon substrates 

containing colloidal particles. The PDMS stamps were typically removed after 

applying pressure for sixty seconds. Thin film evaporation was repeated onto PDMS 

stamps containing gold particles that were embedded on the surface of PDMS.  

 

2.2.6 Gold etching 

 

PDMS stamps containing gold coated particles were transferred onto gold etching 

solutions to etch gold from the particles in order to obtain triblock patchy particles. 

Gold etching solutions were prepared by preparing a solution containing 0.156 M 
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sodium thiosulfate, 1.026 mM potassium ferrocyanide, 10.13 mM potassium 

ferricyanide, 0.998 M potassium hydroxide in 17 milliohms deionized water. The 

PDMS stamps were removed from gold etching solutions after reaching a desired and 

specific triblock geometry (x-bonding, y-bonding, k-bonding) usually within a period 

of 30 seconds to 120 seconds. Immediately, the PDMS stamps were immersed onto 

milliQ water to remove any excess gold etching liquid off the PDMS stamps to 

prevent further gold etching.  

 

2.2.7 Thiol treatment 

 

The gold etched PDMS stamps were treated with an alkanethiol to modify the surface 

chemistry of gold particles with a thiol hydrocarbon ligand to make hydrophobic 

patchy colloidal particles. A solution containing 2 mM octadecanethiol in ethanol was 

prepared and deposited onto gold-etched PDMS stamps for a time period of 2 hours. 

Afterward, ultrasonication was applied onto PDMS stamps to remove gold patchy 

particles by placing the PDMS stamps on petri-dishes or glass vials to store patchy 

particles for imaging.  

 

2.2.8 Characterization 

 

A scanning electron microscope (SEM) was used to image monolayers of colloidal 

particles on silicon substrates and also characterize patchy particles. Fluorescent silica 

monodisperse particles were also characterized using an SEM. The typical voltages 

used for colloidal particles and patchy particles were in the range of 1 kV to 5 kV. 

Samples were carefully dried prior to SEM imaging using dry nitrogen or applying 
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gold palladium onto the samples in a sputtering system. The average diameter of 

microspheres was calculated using equation 1. 

 

 

                       (1) 

 

The standard deviation was calculated using equation 2.  

 

 

            (2) 

 

The coefficient of variance was determined using the average diameter and the 

standard deviation and calculated using equation 3. The coefficient of variance 

provides the polydispersity of particles after synthesis.
14

 

 

 (3) 

 

 

2.2.9 Confinement 

 

The confinement of patchy particles and Janus particles will occur in wedge-cells. The 

wedge-cells can be prepared using 3 inches by 2 inches glass slides and two 50 mm by 

22 mm coverslips as shown in Figure 2.10. For sealing the wedge-cells, UV glue will 

be used, and hand pressure can be applied to seal the cover slips onto the glass slides. 

The sides of the wedge-cell are sealed to eliminate the evaporation of the solvent in 

the wedge-cell. 

 

 

 

�̅� =
1

𝑁
∑𝐷𝑖

𝑁

𝑖=1

 

𝜎 = √
1

𝑁 − 1
(𝑥𝑖 − �̅�)2 

CV =  
𝜎

�̅�
 



42 

 

 

 

 

 

 

Multilayers of patchy colloidal particles will be obtained by highly concentrating the 

wedge-cell with a solution of patchy particles, and the lowest gap height will be 

visualized using an optical fluorescence microscope and a confocal laser scanning 

microscope, which can extract profiles of the sample at various depths (z-axis). The 

gap height can be illustrated in Figure 2.11, which is the space that separates the cover 

slip labeled A and the glass side labeled C.  

 

 

 

 

 

 

 

 

In this study, the challenge will be visualizing particle layers below the top layer since 

the light from laser equipment will not penetrate gold material and metals, and the 

light will be scattered. Therefore, we will aim to only image the top layers of the 

wedge-cell and observe if any structures or patterns formed after patchy particles are 

confined in solution.
21

 The wedge-cell will be used to control the self-assembly of 

 

Figure 2.10: Illustration of wedge-cells containing glass slides and cover slips.[22] 

 

Figure 2.11: Top view and side view of a wedge-cell.[13] 
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patchy particles into well-defined crystal structures that can have different phases and 

lattices with gap height.  

 

 

2.3 Results 

2.3.1 Fluorescent Silica Monodisperse Particles 

 

Fluorescent monodisperse silica particles were obtained with a final diameter size of 

approximately 600 nm as shown in Figure 2.12.  

 

 

 

 

 

 

 

 

 

 

 

 

The average diameter size is 580 nm with a coefficient of variation of 4.8%, which 

was calculated using ImageJ software and an SEM image shown in Figure 2.13 that 

contained a single monolayer of particles for accurate average calculations. Figure 

2.13 shows a characteristic of colloidal crystallization on the right region of the image 

with various particles forming an hexagonal close-packed arrangement. 

Figure 2.12: Fluorescent  (RITC) silica particles synthesized using Stöber 

method with an average diameter of 580 nm and a coefficient of variation of 

4.8%. Image illustrating crystallization and hexagonal packing of silica 

(SiO
2
) particles. 
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2.3.2 PMMA Dimers 

 

PMMA dimers were used to make patchy nonspherical particles to determine if 

titanium can strongly attach to the surface of PMMA nonspherical particles. The 

PMMA dimers used in the microfabrication experiments are shown in Figure 2.14 

below. 

 

 

 

 

 

 

 

 

 

Figure 2.13: Higher magnification of monodisperse fluorescent (RITC) 

silica particles synthesized using Stöber method with an average 

diameter of 580 nm and a coefficient of variation of 4.8%. 

Figure 2.14: Poly(methyl methacrylate) [PMMA] dimers spin coated at 

500 rpm for 60 s in ethanol. [PMMA]
Si<100>

= 0.02795 g/mL. 
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2.3.3 Hollow Silica Peanut Particles 

 

The hollow silica peanut-shaped particles were also used to determine if the hollow 

particles can sustain the hand pressure applied during PDMS stamping. The hematite 

peanut-shaped core particles without a silica outer shell are shown in Figure 2.15. The 

hollow silica particles are synthesized using a hematite core, and the core is removed 

using hydrochloric acid, which removes hematite and does not remove the silica outer 

shell. The thickness of the silica outer shell is approximately 100 nm. 

 

 

 

 

 

 

 

 

 

 

 

 

2.3.4 Spin-coating silica particles  

 

Spin-coating parameters were determined for smaller diameter size silica 

monodisperse particles to obtain a range of speeds and time frames at which 

fluorescent silica particles formed a monolayer on a silicon wafer. The objective is to 

minimize aggregates and clumps of particles on a silicon wafer in order to have 

Figure 2.15: Poly(methyl methacrylate) [PMMA] dimers spin coated at 

500 rpm for 60 s in ethanol. [PMMA]
Si<100>

= 0.02795 g/mL.  

 



46 

uniformly coated particles after thin film deposition. A 3-in wafer was used as shown 

in Figure 2.16 and Figure 2.17 to have a higher surface coverage area of particles and 

obtain a high concentration of patchy particles and Janus-type particles for 

confinement studies. The 400 nm fluorescent silica colloidal particle solution was 

spin-coated on a 3-in silicon wafer at 500 rpm and 550 rpm for 60 seconds each step. 

The concentration of silica particles on the 3-in silicon wafer is 0.111 g/mL. The 

difference between Figure 2.16 and Figure 2.17 is the brilliance characteristic that 

appears at a tilt angle. In both figures, the same wafer was used to illustrate the change 

in color as the wafer was tilted. In Figure 2.16, the wafer is lying flat on a petri-dish, 

but it shows less brilliance compared to Figure 2.17 where the wafer is tilted at an 

angle, demonstrating an opalescence characteristic of crystallization in colloidal close-

packed particles.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.17: Photograph of a 3-in 

silicon wafer showing brilliant 

opalescence of a monolayer of 400 nm 

fluorescent silica particles.  

Figure 2.16: Photograph of a 3-in 

silicon wafer containing a monolayer 

of 400 nm fluorescent silica particles.  

[SiO
2
]
Si<100>

= 0.111 g/mL. 
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2.3.5  Spin-coating nonspherical particles 

 

PMMA dimers in ethanol were spin coated at 500 rpm for 60 seconds, and the 

concentration of the particles in the 4-in silicon wafer was 27.95 mg/mL. A lower 

concentration was achieved in PMMA dimers compared to silica particles because a 

larger wafer was used. The diameter size of the substrate can range from 3-in to 4-in, 

but the amount of particles in solvent needs to be increased as the size of the substrate 

is increased. A higher concentration of PMMA dimers is needed to make a close-

packing arrangement of PMMA dimers and minimize the gaps between particles to 

prevent gold excess after removal of gold-coated particles. The silica hollow peanut 

particles were spin-coated at a speed of 200 rpm and 300 rpm for 30 seconds at each 

step. The concentration of the silica hollow peanut-shaped particles on the 4-in silicon 

wafer after spin coating was 0.0365 g/mL. The surface coverage of hollow peanut 

particles are shown in Figure 2.18, which shows a non-close packed arrangement of 

particles.  

 

 

 

 

 

 

 

 

 

 

Figure 2.18: Surface coverage of 

PMMA dimers spin coated at 500 

rpm for 60 s in ethanol. 

Figure 2.19: SiO
2
 hollow peanut-

shaped particles spin coated at 200 rpm 

and 300 rpm for 30 s in ethanol 

[H]
Si<100>

= 0.0365 g/mL.  
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A close-packing arrangement of silica hollow peanut-shaped particles is challenging to 

achieve using the spin-coating method due to the centrifugal forces causing particles 

to lay above each other. Aggregates and clumps were observed after spin coating silica 

hollow peanut-shaped particles which can be minimized by sonicating particles for a 

longer time and using more PVP to stabilize particles. Fluorescent silica particles with 

a diameter size of 400 nm were spin coated at 500 rpm and 550 rpm for 60 seconds at 

each step on a 3-in silicon wafer. Figure 2.20 shows a higher surface coverage of 

particles on a substrate with less open gaps. In Figure 2.20, we observe several clumps 

and coalescent particles after spin coating. The coalescent particles are present before 

spin coating due to aggregation and instability during the synthesis of silica particles 

as a result of rhodamine B isothiocyanate effects on core silica particles. The synthesis 

of fluorescent silica particles was controlled further by inserting RITC after making 

400 nm silica core particles. Experiments on 400 nm fluorescent silica particles 

provide spin-coating conditions that can be used for larger particles (600 nm). Spin-

coating speeds in the range of 500 rpm and 650 rpm can be used on 600 nm 

fluorescent silica particle solutions to yield a monolayer and a close-packed 

arrangement of particles in a 3-in silicon wafer. 

 

 

 

 

 

 

 

 

 Figure 2.20: SEM image of 400 nm fluorescent silica particles spin coated 

at 500 rpm and 550 rpm for 60 s on a 3-in silicon wafer. 



49 

2.3.6 Nonspherical Patchy Particles 

 

Figure 2.21 illustrates an SEM image of PMMA nonpsherical particles with gold 

coated hemispheres and a titanium and PMMA middle band. Thin film deposition and 

PDMS stamping were achieved on PMMA dimers as shown in Figure 2.21. In the 

figure, we observe smaller dimers coming from synthesis solutions which can be 

removed using improved centrifugation steps and synthesis techniques. A thin film of 

gold (25 nm) and 4 nm titanium were deposited onto PMMA dimers. The gold coating 

in the PMMA dimers was etched for 60 seconds. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.22 shows a different region of the sample that was imaged using an SEM in 

Figure 2.21. In Figure 2.22, we note a difference in the background and materials that 

are not PMMA dimers. Excess gold thin films were present in the sample after 

sonication of the PDMS stamps. The excess gold and titanium thin films are present 

due to open gaps in the wafer substrates which were coated. The excess gold thin films 

can be reduced by sonicating for a shorter time and also by increasing the coverage of 

Figure 2.21: PMMA patchy particles with X-bonding geometry 
having 25 nm Au and 4 nm Ti coating and a gold etching time of 60 s. 
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particles on silicon substrates. In confinement studies and self-assembly of 

nonspherical PMMA particles in wedge-cells, it is essential to have a clean sample of 

particles. 

 

 

 

 

 

 

 

 

 

 

 

 

Silica hollow peanut-shaped patchy particles are shown in Figure 2.23. The amount of 

titanium deposited onto the particles was 3 nm. Based on the SEM image below, the 

shape of the hollow particles remained intact after PDMS stamping and thin film 

deposition as well as sonication. Additionally, we noted many excess gold thin films 

in the SEM stub, which is a result of low surface coverage of hollow silica peanut-

shaped particles on silicon substrates. 

 

 

 

 

 

Figure 2.22: PMMA patchy particles with X-bonding geometry 

having 25 nm Au and 4 nm Ti coating and a gold etching time 

of 60 s and excess gold thin films. 
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2.3.7. Confinement Silica Patchy Particles 

 

Small-scale experiments on silica monodisperse spherical particles were first 

performed to obtain patchy silica microparticles for confinement studies in a wedge-

cell. From these experiments (Figure 2.24-d, 2.24-c), we determined that it was 

necessary to have a concentrated patchy particle solution after thiol treatment. In 

Figure 2.24-a, we show the monolayer of 2 μm commercialized silica particles (Bangs 

Laboratories) obtained using a spin-coating speed of 4000 rpm for 60 seconds. The 

patchy silica microparticles are shown in Figure 2.24-d where it is observed that the 

particles have gold patches with some particles missing patches. Uniformity in 

particles is essential and can be achieved by initially having a monolayer of silica 

particles with few aggregates and clumps. The patchy particles in Figure 2.24-d were 

gold etched for 100 seconds and the tilt angle of metal deposition was normal to the 

Figure 2.23: SiO
2
 hollow peanut-shaped patchy particles (X-

bonding) having 25 nm Au and 3 nm Ti coating and a gold 

etching time of 90 s. 
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plane of the substrates, which yielded particles that can form an X-bonding geometry 

when assembled in solution. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Patchy 2 μm silica microparticles were confined in a wedge-cell and observed under a 

fluorescent microscope to note any crystal structure formation. It is observed in Figure 

2.25-a and 2.25-b that there is a low quantity of patchy particles, but we can observe 

particles arranging next to each other at the lowest gap height. 

The patch size of silica microsphere particles was varied in small-scale experiments by 

varying the gold etching time that silica gold coated particles were exposed after thin 

Figure 2.24: (a) Optical image of fluorescent 2 μm silica patchy particles confined 

in a wedge cell. Image taken by Angela Stelson. (b) second optical image of 

fluorescent 2 μm silica patchy particles confined in a wedge cell. Image taken by 

Angela Stelson. (c) 2 μm SiO
2
 microparticles (4% solids) spin-coated at 4000 rpm 

for 60 s in n-butanol. (d) 2 μm SiO
2
 patchy particles (X-bonding) with 25 nm Au : 

2 nm Ti coating & etched for 100 s. 

 

(a) (b) 

(c) (d) 
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film deposition and PDMS stamping. We achieved larger gold patches with a gold 

etching time of 40 seconds in X-bonding type silica patchy particles as shown in 

Figure 2.25-b. Larger patches are achieved by reducing the gold etching time. In 

Figure 2.25-b, we observed smaller patches due to exposing silica gold-coated 

particles for 100 seconds. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.4 Research Plan  

2.4.1 Confinement of Janus particles  

 

After the microfabrication of 600 nm fluorescent silica Janus particles, the next step 

will be to confine the particles in a wedge cell to find any particular structures after 

confinement. Confocal laser scanning microscopy will be used to visualize the top 

layer of confined fluorescent Janus particles. In these confinement studies, different 

solvent media will also be used to note any particular effects of solvent media on 

particle arrangements. Additionally, the temperature of the solvent and Janus particles 

will be modified from room temperature to lower temperatures and higher 

temperatures to observe any thermal effects on particle ordering. Different organic 

Figure 2.25: (a) 2 μm silica patchy particles (X-bonding) with 25 nm Au and 2 

nm Ti coating and gold etched for 40 s (b) selected particles in (a). 

(a) (b) 
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ligands, such as smaller alkanethiols (i.e., hexanethiol), will be applied onto Janus 

silica particles to observe any effect of alkyl chains on particle ordering. Electric fields 

will later be introduced onto the Janus particles confined in a wedge-cell to note any 

crystal structure deformation. 

 

2.4.2 Confinement of Nonspherical Janus Particles 

 

The aim of microfabricating and confining spherical Janus particles is to eventually 

microfabricate and confine Janus nonspherical particles. PMMA Janus dimers and 

silica peanut-shaped Janus particles will be confined separately in wedge-cells. 

Particle order and arrangements will be visualized using confocal laser scanning 

microscopy. Similar studies applied to Janus silica particles discussed in section 2.4.1 

will be applied to nonspherical Janus particles. We have decided to only confine Janus 

spherical and nonspherical particles since patchy particles resulted in more excess gold 

thin films in solution. Filtration techniques and repeated centrifugation techniques, 

however, can be used to remove excess gold and titanium thin films. 

 

2.4.3 Monte Carlo Simulations 

 

After confining Janus silica spherical particles and nonspherical particles, the next step 

is to simulate Janus dimers and Janus spheres in wedge-cells to determine phase 

diagrams discussed in previous sections. Monte Carlo simulations will be applied onto 

Janus particle models to compare computational data with experimental results. Monte 

Carlo simulations can also provide information on the packing fraction of Janus 

particles in wedge-cells. Lastly, Monte Carlo simulations can provide crystal 

structures and ordering of Janus particle models that may not be visible in confinement 
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experiments using confocal laser scanning microscopy as a result of light scattering by 

metal-coated particles. 

 

2.5 Conclusion 

 

In these studies, we determined that it was necessary to have a higher surface coverage 

on 4-in and 3-in silicon wafers in all types of particles, both spherical and nonspherical 

colloidal particles in order to have a highly concentrated solution needed for 

confinement studies. The next step is to synthesize 600 nm fluorescent silica particles 

and determine the spin coating parameters to obtain a monolayer of particles in silicon 

substrates. Optimal spin coating parameters are necessary to make monolayers of 

nonspherical and spherical particles needed for microfabrication of patchy particles. 

Monolayers of particles can be obtained using highly concentrated colloidal 

suspensions and low spin coating speeds in the range of 500 rpm to 800 rpm. Various 

types of patchy particles can be microfabricated with different geometries by using 

different glancing angle depositions, varying the gold etching time, and also varying 

the metal type used during thin film evaporation in order to determine crystal 

structures and arrangements of these patchy particles in wedge-cells. From our studies, 

we gained insight on the challenges of microfabricating patchy particles using the lift-

off technique where we observed gold excess material in most cases, but we can 

overcome these challenges by making Janus-type particles in both the nonspherical 

and spherical colloidal particles. Improvements on colloidal monolayers are needed to 

have uniform Janus gold coated particles and patchy particles, and this can be 

achieved by having stable colloidal particles and well-dispersed particles.  
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APPENDIX 

 

 

 
Table S1: PbSe and PbS Simulation Cell Dimensions 
 

Nanocrystal Slab type a1  

[Å] 

a2  

[Å] 

kb1 kb2 

PbSe {100} 6.205 6.205 10 10 

{110} 8.775 6.205 7 10 

{111} 8.775 8.775 8 8 

PbS {100} 5.993 5.993 10 10 

{100} 8.476 5.993 7 10 

{100} 8.476 8.476 8 8 

 

 

Table S2: Ligand and PbSe and PbS Simulation Cell Dimensions 

 
Slab Type Ligand NL a1  

[Å] 

a2  

[Å] 

kb1 kb2 

{100} PbSe 

 

 

 

N2H4 1 12.41 12.41 7 7 

C3H6S2 1 12.41 12.41 7 7 

PbAA2 1 18.61 15.47 7 7 

DMF 1,2 12.41 12.41 3 5 

DMF 3,4 18.61 15.47 3 5 

{100} PbS PbCl2 1 11.98 11.98 8 8 

{110} PbSe DMF 1 17.55 12.41 3 5 

{111} PbSe DMF 1 17.55 17.55 4 4 

 

 

Table S3: Ligand Simulation Cell Dimensions 

 
Ligand a1 

[Å] 

a2 

[Å] 

a3 

[Å] 

DMF 13.0 13.0 13.0 

DMSO 15.0 15.0 15.0 

PbCl2 15.0 15.0 15.0 

C3H6S2 

 

10.0 10.0 10.0 

PbAA2 15.0 12.0 25.0 
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Table S4: Permittivity of Polar Solvents at 20°C and Dipole Moments 

 
Solvent ϵ Dipole Moment 

Hexane 1.89 0.08 

Chloroform 4.806 1.15 

Ethanol 25.00 1.66* 

Dimethylformamide 36.71 3.86 

Acetonitrile 37.50 3.44* 

Dimethylsulfoxide 46.68 4.1 

Propylene Carbonate 64.90 4.94* 

Water 80.10 1.87* 

 


