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The interaction of light with subwavelength nanomaterials has been extensively investigated 

for more than a century in both theoretical science and engineering. In particular, the resonant 

interaction of light with plasmonic metal nanocrystals (NCs) – including gold, silver, and platinum 

– has been of great interest in multiple fields of study due to their extraordinary optical effects in 

the near- and far-field enhancement via localized surface plasmon resonance (LSPR). 

Consequently, manipulation of light using plasmonic metal NCs has enabled the development of 

a broad range of applications from nonlinear optics to sensing. However, the nearly-fixed dielectric 

properties and high ohmic losses of metal NCs have been a central bottleneck for improving the 

performance of photonic and plasmonic devices. 

The maturation of nanophotonics has often necessitated the search for novel materials. 

Recently, new emphasis has been placed on ternary chalcopyrite-phase copper iron sulfide 



 

(CuFeS2) intermediate band semiconductor NCs as an alternative to plasmonic metal NCs due to 

their resonant light interactions that strongly absorb and scatter incident light in the visible region, 

analogous to the plasmonic response of metal NCs. Interestingly, however, the underlying physics 

of the optical properties of CuFeS2 NCs are distinctly different from plasmonic metal NCs, since 

CuFeS2 is an all-dielectric material having no free charges in their ground state. In order to fully 

realize its potential for technological applications, a detailed understanding of the unique optical 

properties of CuFeS2 NCs is a prerequisite. In this regard, this dissertation explores, both 

theoretically and experimentally, the resonant optical properties of ternary metal chalcogenide 

intermediate band semiconductor NCs. 

Herein, we present a set of experimental and computational results, allowing for a clear 

differentiation between two fundamentally different modes of resonant excitation present in 

ternary metal chalcogenide NC systems: (i) a quasi-static dielectric resonance (DR) and (ii) a 

LSPR. In the first part of the dissertation, we demonstrated that bornite-phase copper iron sulfide 

(Cu5FeS4) NCs exhibit tunable optical characteristics from visible to near-infrared that are strongly 

dependent on their iron content. Our experimental results on bornite-phase copper iron sulfide NCs 

showed that manipulating the iron content of the material modulates the intensity of the DR 

response, and moreover, that post-synthetic compositional manipulation via simple oxidative 

chemistry can be used to tune directly between the DR and LSPR mechanisms. We further 

confirmed an analogous DR-to-LSPR evolution in CuFeS2 NCs subjected to the influence of 

oxidizing agents and added ions. In addition, electronic band structure calculations by density 

functional theory demonstrated that the presence of an intermediate band of states formed by empty 

Fe d-orbitals plays an important role in the occurrence of a DR in the visible-frequency regime.  



 

In the second part of the dissertation, we expanded our knowledge on the DR properties of 

ternary metal chalcogenide NCs by developing a synthetic protocol for colloidal intermediate band 

silver iron sulfide (AgFeS2) NCs. Through synthetic studies of AgFeS2 NCs involving a two-step 

heterogeneous nucleation process, the synthesis of Ag seed NCs and their subsequent growth into 

AgFeS2 NCs, we clearly differentiate between the DR and LSPR. Moreover, we confirm that 

increasing the gap between the valence band and the intermediate band causes a blue-shift of the 

DR in ternary metal chalcogenide intermediate band NC systems based on a comparative study of 

the DR properties of AgFeS2 and CuFeS2 NCs. 

Taken together, this work represents a significant step forward in the understanding of the 

plasmonic-like optical response of intermediate-band-semiconductor ternary metal chalcogenide 

NCs, which could lead to important ramifications for future applications of these materials. 
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Chapter 1. INTRODUCTION  

The interaction of light with subwavelength nanomaterials has historically been an area of 

great interest in both theoretical science and engineering. Since the pioneering report by Michael 

Faraday in the middle of the 19th century demonstrating that colloidal gold nanoparticles exhibit 

a ruby-red color in contrast to bulk gold,1 the unique optical properties of metallic nanoparticles 

in particular have been the subject of intense investigation.2-4 The progression of such intensive 

research is represented by plasmonics.4-6 The past several decades have seen immense advances 

in this field driven by the recent development of the colloidal synthesis of nanomaterials.5, 7-8 

Noble metal nanoparticles such as gold and silver have attracted considerable attention as an 

important class of plasmonic nanomaterial due to their unique interaction with light in the visible 

region via the localized surface plasmon resonance (LSPR).2-5, 9-10 An LSPR is a collective, 

coherent oscillation of free charge carriers in a small nanoparticle that occurs in resonance with 

incident light of a specific wavelength (Figure 1.1).2-5, 9-10 These collective charge density 

oscillations result in an enhanced electromagnetic field at the nanoparticle surface.2-5, 9-10 This in 

turn allows the plasmonic nanoparticles to have a large extinction cross-section and be used to 

manipulate electric fields to nanoscopic length scales well below the diffraction limit.11-12  

Another intriguing effect of the excitation of an LSPR is transfer of photon energy to energetic 

carriers and heat13-14 through resonant interaction with the incident light.15-17 Hence, noble metal 

nanoparticles have been explored for a wide range of applications, including nonlinear optics,12, 18 

sensors,10, 19-20 photothermal therapy,14, 21 and photocatalysis.15-17 However, despite the promise of 

unprecedented capabilities in noble metal nanocrystals, their applications in optical and plasmonic 

devices suffer from the high ohmic losses and intrinsically fixed dielectric properties of metals.22-



 

25 As a consequence, there has been a push to develop alternative plasmonic materials over the last 

few decades. 

 

Figure 1.1. Schematic of the excitation of LSPR showing the collective, coherent oscillations of 

free charge carriers in resonant with the incident light. 

 

 LSPRs are commonly observed in noble metal nanostructures due to the resonant interaction 

of their free electrons with the electromagnetic field of impinging light.2-5, 9-10 However, the 

excitation of LSPRs is not exclusively limited to metal nanocrystals, and can also be observed in 

nonmetallic nanomaterials that possess appreciable free carrier concentrations.26-28 During the past 

decade, many studies have demonstrated the plasmonic properties of several types of degenerately 

doped semiconductor nanocrystals, including copper chalcogenides,29-32 oxygen-deficient 

transition metal oxides,33-34 doped metal oxides,35-38 and phosphorous or boron-doped silicon 

nanocrystals.39-41  

These plasmonic semiconductor nanocrystals have emerged as a new family of plasmonic 

materials with highly tunable plasmonic properties and have led to significant improvements in 



 

technologies based on plasmonics, including theragnosis,42-44 sensing,45-46 and electrochromic 

smart windows.47-48  

Moreover, recent studies showed that degenerately doped semiconductor nanoparticles can 

serve as alternative plasmonic materials to noble metals by mitigating plasmonic losses.22, 49-50 

However, while plasmonic semiconductor nanocrystals are envisioned as an attractive platform 

for replacing noble metal nanoparticles, their LSPR energy typically lies lower than that of the 

plasmonic metal NCs due to the characteristics of semiconductors that have much lower carrier 

density than that of metals.26-29 So far, a viable replacement for plasmonic metal nanocrystals in 

the visible spectrum has remained elusive.  

In recent years, chalcopyrite copper iron sulfide (CuFeS2) nanocrystals were suggested as 

another attractive option to replace plasmonic metal nanocrystals.51 Interestingly, for the case of 

CuFeS2 nanocrystals, it has been shown that they exhibit strong absorption and scattering of light 

in the visible region, analogous to the observed plasmonic response in noble metal nanocrystals.51-

53 However, it is important to note that, in contrast to metallic nanocrystals, CuFeS2 is considered 

as a class of all-dielectric intermediate band gap semiconductor.51 Therefore, the origin of their 

optical properties is quite different from that of the LSPR. However, the underlying physics of the 

strong light absorption and scattering exhibited by CuFeS2 nanocrystals remain poorly understood.  

Similar to the way that a complete understanding of the fundamental properties of plasmonic 

nanocrystals led to the development of a variety of applications, materials research plays an 

important role in advanced technology. In this perspective, this work aims to explore the resonant 

interaction of light with ternary metal chalcogenide intermediate band semiconductor nanocrystals. 
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Chapter 2. BACKGROUND KNOWLEDGE 

This chapter is dedicated to the theoretical background which is necessary to better understand 

the work presented in this dissertation. Specifically, we begin with the fundamentals of 

electromagnetic theory to explore in detail the consequences of this dissertation. 

 

 

2.1 ELECTROMAGNETIC THEORY 

2.1.1 Maxwell’s Equations in Matter 

In the interaction of light with matter, Maxwell’s equations are the most obvious starting point 

because these equations describe the behavior of the electromagnetic field and provide the basis 

of electromagnetism. In SI units Maxwell’s equations for the macroscopic electromagnetic field 

at interior points in matter, also known as Maxwell’s macroscopic equations, are expressed as1-5  

 ∇ ∙ 𝐃 = 𝜌𝐹 (2.1) 

 ∇ ∙ 𝐁 = 0 (2.2) 

 ∇ × 𝐄 = −
𝜕𝑩

𝜕𝑡
 (2.3) 

 ∇ × 𝐇 =
𝜕𝑫

𝜕𝑡
+ 𝑱𝑭 (2.4) 

where D is the electric displacement defined in Equation 2.5, 𝜌𝐹 is the free charge density, B is the 

magnetic induction, E is the electric field, H is the magnetic field defined in Equation 2.6, and 𝑱𝑭 

is the free current density. 

 𝐃 = 𝜀0𝐄 + 𝐏 (2.5) 

 𝐇 =
1

𝜇0
𝐁 − 𝐌 (2.6) 

where 𝜀0 is the permittivity of free space, P is the electric polarization, 𝜇0 is the permeability of 

free space, and M is the magnetization. 



 

As listed in Equations 2.1 – 2.4, Maxwell’s macroscopic equations relate the four fields D 

(the electric displacement), B (the magnetic induction), E (the electric field), and H (the magnetic 

field) with the free charge carrier density and current density.1-5 However, these equations are not 

sufficient in and of themselves to apply Maxwell’s macroscopic equations to fully describe a 

materials interaction with the electric and magnetic fields of an electromagnetic wave in space-

time.1-5 It is therefore necessary to introduce the so-called constitutive relations, which describe 

the response of matter under the influence of the fields. Let us consider a linear, homogeneous, 

and isotropic medium for simplicity. In that case, the constitutive relations are given by1-5 

 𝐃 = 𝜀0𝜀𝑟𝐄 = 𝜀𝐄 (2.7) 

 𝐁 = 𝜇0𝜇𝑟𝐇 = 𝜇𝐇 (2.8) 

 𝑱𝑭 = 𝜎𝐄 (2.9) 

where 𝜀𝑟 is the relative permittivity or dielectric constant, 𝜀 is the permittivity, 𝜇𝑟 is the relative 

permeability, 𝜇 is the permeability, and 𝜎 is the conductivity. Using the above relations, we can 

now further link the electric displacement to the electric field and the magnetic field to the 

magnetic induction via the permittivity (𝜀) and permeability (𝜇). Moreover, it can be seen that the 

propagation of the wave through a medium is dictated by the permittivity, permeability, and 

conductivity of the material. 

In any medium other than a vacuum, the permittivity and permeability are affected by the 

polarization properties of the material. Thus, the electromagnetic response of matter can also be 

described using the electric and magnetic susceptibilities 𝜒𝑒  and 𝜒𝑚 , which relate the electric 

polarization to the electric field and the magnetization to the magnetic field, respectively. For linear 

materials, the electric polarization and magnetization are given by1-5 

 𝐏 = 𝜀0𝜒𝑒𝐄 (2.10) 



 

 𝐌 = 𝜒𝑚𝐇 (2.11) 

By substituting the above equations into the definition of Equation 2.5 and 2.6 we have 

 𝐃 = 𝜀0𝐄 + 𝐏 = 𝜀0𝐄 + 𝜀0𝜒𝑒𝐄 = 𝜀0(1 + 𝜒𝑒)𝐄 (2.12) 

 𝐁 = 𝜇0(𝐇 + 𝐌) = 𝜇0(𝐇 + 𝜒𝑚𝐇) = 𝜇0(1 + 𝜒𝑚)𝐇 (2.13) 

Then, using the first two constitutive relations 2.7 and 2.8, we can find that the permittivity and 

permeability are related to the electric and magnetic susceptibilities as follows 

 𝐃 = 𝜀0(1 + 𝜒𝑒)𝐄 = 𝜀0𝜀𝑟𝐄 = 𝜀𝐄 (2.14) 

 𝐁 = 𝜇0(1 + 𝜒𝑚)𝐇 = 𝜇0𝜇𝑟𝐇 = 𝜇𝐇 (2.15) 

Finally, we can derive the relation between the relative permittivity and electric susceptibility as 

well as the relative permeability and magnetic susceptibility. 

 𝜀𝑟 = (1 + 𝜒𝑒) (2.16) 

 𝜇𝑟 = (1 + 𝜒𝑚) (2.17) 

The above equations show that the electric and magnetic susceptibilities are directly related to the 

permittivity and permeability of the material and thus influence the interaction of light with matter. 

This in turn means that we can make a prediction of the optical and magnetic properties of 

materials if we know the electric and magnetic susceptibilities, or the permittivity and 

permeability. 

 

2.1.2 Wave Equation 

One of the significant achievements of Maxwell’s equations is the prediction of the 

electromagnetic wave phenomenon. Based on Maxwell’s equations, understanding 

electromagnetic wave propagation in a medium can be provided by a set of partial differential 

equations.5-6 To see this, let us consider a homogeneous, linear, and isotropic medium, in which 

the permittivity 𝜀 and permeability 𝜇 are constant over the entire medium, independent of the 



 

magnitudes and directions of the electric and magnetic fields. Now, assuming that there are no free 

charges (i.e. 𝑱𝑭 = 0), then with constitutive relations, Maxwell’s equations are given as5-6  

 ∇ ∙ 𝐄 = 0 (2.18) 

 ∇ ∙ 𝐇 = 0 (2.19) 

 ∇ × 𝐄 = −𝜇
𝜕𝐇

𝜕𝑡
 (2.20) 

 ∇ × 𝐇 = 𝜀
𝜕𝐄

𝜕𝑡
+ 𝜎𝐄 (2.21) 

Taking the curl of both sides of Equation 2.20 and 2.21, we have 

 ∇ × (∇ × 𝐄) = ∇ × (−𝜇
𝜕𝐇

𝜕𝑡
) = −𝜀𝜇

𝜕2𝐄

𝜕𝑡2 − 𝜎𝜇
𝜕𝐄

𝜕𝑡
 (2.22) 

 ∇ × (∇ × 𝐇) = ∇ × (𝜀
𝜕𝐄

𝜕𝑡
+ 𝜎𝐄) = −𝜀𝜇

𝜕2𝐇

𝜕𝑡2 − 𝜎𝜇
𝜕𝐇

𝜕𝑡
 (2.23) 

Then, using the vector identity, ∇ × ∇ × 𝐴 = ∇(∇ ∙ 𝐴) − ∇ ∙ (∇𝐴), we can rewrite Equation 2.22 

and 2.23 as 

 ∇2𝐄 = 𝜀𝜇
𝜕2𝐄

𝜕𝑡2
+ 𝜎𝜇

𝜕𝐄

𝜕𝑡
 (2.24) 

 ∇2𝐇 = 𝜀𝜇
𝜕2𝐇

𝜕𝑡2 + 𝜎𝜇
𝜕𝐇

𝜕𝑡
 (2.25) 

The above is known as the homogeneous equations for damped wave motion. To see the simplest 

form of wave equation, we may further assume the propagation of electromagnetic waves in 

nondissipative media where 𝜎 = 0. Then, the homogeneous equation for an undamped wave 

results5-6 

 ∇2𝐄 − 𝜇𝜀
𝜕2𝐄

𝜕𝑡2 = 0 (2.26) 

 ∇2𝐇 − 𝜇𝜀
𝜕2𝐇

𝜕𝑡2 = 0 (2.27) 

which shows that the wave propagates in the media at speed v 

  v =
1

√𝜀𝜇
=

𝑐

𝑛
 (2.28) 



 

where c is the speed of light in vacuum and n is the refractive index of material. 

 

2.1.3 Poynting’s Theorem 

In electrodynamics, Poynting’s theorem is of fundamental significance and represents the 

conservation of energy for electromagnetic fields. According to the Poynting’s theorem, energy 

conservation in electromagnetic phenomena can be deduced as a general integral of the field 

equations.1, 7-9 Starting from two curl equations of Maxwell’s equations and applying some 

mathematical manipulations, we have 

 𝐇 ∙ (∇ × 𝐄) − 𝐄 ∙ (∇ × 𝐇) = −𝐇 ∙
𝜕𝐁

𝜕𝑡
− 𝐄 ∙

𝜕𝐃

𝜕𝑡
− 𝐄 ∙ 𝑱𝑭 (2.29) 

Then, using the vector identity, ∇ ∙ (𝐴 × 𝐵⃗⃗) = 𝐵⃗⃗ ∙ (∇ × 𝐴) − 𝐴 ∙ (∇ × 𝐵⃗⃗), we can rewrite the terms 

on the left-hand side of Equation 2.29 

 ∇ ∙ (𝐄 × 𝐇) = −𝐇 ∙
𝜕𝐁

𝜕𝑡
− 𝐄 ∙

𝜕𝐃

𝜕𝑡
− 𝐄 ∙ 𝑱𝑭 (2.30) 

In a simple medium, in which the permittivity 𝜀, permeability 𝜇, and conductivity 𝜎 are constant, 

we find 

 𝐇 ∙
𝜕𝐁

𝜕𝑡
= 𝐇 ∙

𝜕(𝜇𝐇)

𝜕𝑡
=

1

2

𝜕(𝜇𝐇∙𝐇)

𝜕𝑡
=

𝜕

𝜕𝑡
(

1

2
𝜇𝐇2) (2.31) 

 𝐄 ∙
𝜕𝐃

𝜕𝑡
= 𝐄 ∙

𝜕(𝜀𝐄)

𝜕𝑡
=

1

2

𝜕(𝜀𝐄∙𝐄)

𝜕𝑡
=

𝜕

𝜕𝑡
(

1

2
𝜀𝐄2) (2.32) 

 𝐄 ∙ 𝑱𝑭 = 𝐄 ∙ (𝜎𝐄) = 𝜎𝐄2 (2.33) 

Equation 2.30 can then be written as 

 ∇ ∙ (𝐄 × 𝐇) = −
𝜕

𝜕𝑡
(

1

2
𝜇𝐇2 +

1

2
𝜀𝐄2) − 𝜎𝐄2 (2.34) 

Finally, upon integrating both sides of Equation 2.34 over a volume V, and applying the divergence 

theorem, the result is 

 ∮ (𝐄 × 𝐇)
𝑠

∙ 𝑑𝑠 = −
𝜕

𝜕𝑡
∫ (

1

2
𝜇𝐇2 +

1

2
𝜀𝐄2)

V
𝑑V − ∫ 𝜎𝐄2

V
𝑑V (2.35) 



 

The above equation is referred to as the Poynting’s theorem. Note that the factor 𝐄 × 𝐇 is 

called the Poynting vector, which describes the magnitude and direction of the rate of transfer of 

electromagnetic energy at all points of space.1, 7-9 Herein, each of the terms on the right-hand side 

of Equation 2.35 has a physical significance. The first term on the right side represents the rate of 

changes of the electric and magnetic energies stored in the volume and the second term on the right 

side refers to the ohmic power dissipated in the volume.1, 7-9 Accordingly, Poynting’s theorem 

states that the flow of electromagnetic energy across a control boundary of the region accounts for 

the ohmic power loss in the volume and the rate of change of energy in the electromagnetic field 

within the volume.1, 7-9 

 

2.2 DRUDE-LORENTZ MODEL FOR DIELECTRIC FUNCTION OF A MATERIAL 

The optical response of a material can be understood using its characteristic optical properties 

by means of the complex dielectric function (𝜀 = 𝜀′ + 𝑖𝜀′′), also known as relative permittivity.2-

3, 10-11 Note that this parameter is often called “dielectric constant”, however, it is actually not a 

fixed value over the electromagnetic spectrum. In the microscopic point of view, the dielectric 

function of a material represents the polarizability of atoms and molecules in a material to an 

externally applied electromagnetic field, which can account for a qualitative understanding of the 

origins and underlying physics of LSPRs in plasmonic nanocrystals.3, 10-13 Therefore, it is 

important to explore how the complex dielectric function of a material changes as a function of 

the frequency of the applied field. 

 



 

2.2.1 Lorentz Oscillator Model 

Let us begin with a classical description of the Lorentz oscillator model to derive the 

frequency-dependent dielectric function of a dielectric material. According to the Lorentz model, 

an electron is treated as being bound to the positively charged ion as a damped harmonic oscillator 

system subject to the driving force of an applied electromagnetic field.2-3, 11-12 Assuming that the 

electric field of an electromagnetic wave has a harmonic time dependence, and the magnetic field 

contribution could be neglected. Then the electron’s equation of motion in the presence of an 

external electric field E(t), analogous to the motion of a spring-mass system, can be written as2-3, 

11-12 

 𝑚𝑒𝒓̈ + 𝑚𝑒𝛾𝒓̇ + 𝑚𝑒𝜔0
2𝒓 = 𝑒𝐄(𝑡) (2.36) 

where 𝑚𝑒  is the electron mass, 𝛾  is the damping constant, 𝜔0  is the natural frequency of 

oscillation of the electron, r is the displacement of the oscillator, and e is the electron charge. By 

considering the time-dependence of a harmonic electric field (𝐄(𝑡) = 𝐄(𝜔)𝑒−𝑖𝜔𝑡), the functional 

form of the solution is then given by  

 𝒓(𝑡) = 𝒓(𝜔)𝑒−𝑖𝜔𝑡 (2.37) 

Plugging this into Equation 2.36 gives 

 𝒓(𝜔) =
𝑒

𝑚𝑒

1

(𝜔0
2−𝜔2−𝑖𝛾𝜔)

𝐄(𝜔) (2.38) 

Moreover, since each displacement of an electron results in a dipole moment that contributes 

to the macroscopic polarization (P), which is defined as the average electric dipole moment per 

unit volume of the medium, the microscopic dipole moment (p) can be connected to the 

polarization with a carrier density (n) as follows11-13 

 𝐏 = 𝑛 ∙ 𝒑 = 𝑛 ∙ (𝑒 ∙ 𝒓) (2.39) 

Then, the polarization can be expressed as 



 

 𝐏(𝜔) =
𝑛𝑒2

𝑚𝑒

1

(𝜔0
2−𝜔2−𝑖𝛾𝜔)

𝐄(𝜔) =
𝜔𝑝

2

(𝜔0
2−𝜔2−𝑖𝛾𝜔)

𝜀0𝐄(𝜔) (2.40) 

where 𝜔𝑝 is the plasma frequency, which is defined below: 

 𝜔𝑝 = √
𝑛𝑒2

𝜀0𝑚𝑒
 (2.41) 

Recalling that for linear materials the polarization is related to the electric field by 𝐏 = 𝜀0𝜒𝑒𝐄, we 

therefore get the frequency-dependent susceptibility 

 𝜒𝑒(𝜔) =
𝜔𝑝

2

(𝜔0
2−𝜔2−𝑖𝛾𝜔)

 (2.42) 

Finally, with the relation between the electric susceptibility and the dielectric function (Equation 

2.16), we obtain the corresponding frequency-dependent dielectric function2-3, 10-13 

 𝜀(𝜔) = 1 + 𝜒𝑒  = 1 +
𝜔𝑝

2

(𝜔0
2−𝜔2−𝑖𝛾𝜔)

 (2.43) 

Which can be further separated into its real, 𝜀′, and imaginary, 𝜀′′, components of the complex 

dielectric function as follows 

 𝜀′(𝜔) = 1 +
𝜔𝑝

2

(𝜔0
2−𝜔2−𝑖𝛾𝜔)

 (2.44) 

 𝜀′′(𝜔) =
𝜔𝑝

2

(𝜔0
2−𝜔2−𝑖𝛾𝜔)

 (2.45) 

 

2.2.2 Drude Model 

In contrast to dielectric materials, the optical properties of metals are mainly dominated by 

the contribution of their loosely bound conduction band electrons, which behave as a free electron 

gas.2-4, 10-13 In 1900, Paul Drude proposed a model that the kinetic theory of gases can be applied 

to understanding the transport and optical properties of electrons in metals.14 Since these electrons 

can be considered to move nearly freely in between collisions with unspecified collision centers 



 

(e.g., other electrons, lattice ions, and defects), the response of a metal to an external electric field 

can be described by the specific case of the Lorentz oscillator model without having a restoring 

force, that is, by setting the resonator restoring force equal to zero (𝜔0 = 0) in Equation 2.36.2-4, 

10-13 Then, the dielectric function of free electrons can be derived as 

 𝜀(𝜔) = 1 −
𝜔𝑝

2

𝜔2+𝑖𝛾𝜔
 (2.46) 

Note that the damping parameter (𝛾) represents the bulk collision frequency of the carriers in this 

case, which is given by the inverse of the mean electron collision time, 𝜏, i.e. 𝛾 = 1/𝜏.2-4 For a 

small particle with a size comparable to the mean free path of the electrons, the Drude damping 

parameter is needed to take account of the electron-surface scattering, which becomes dominant 

in the nanoscale regime. Thus, the modified damping parameter is given as13, 15-16 

 𝛾(𝑟) = 𝛾0 +
𝐴𝑣𝐹

𝑟
 (2.47) 

where 𝛾0 is the bulk damping constant, A is a theory-dependent constant that includes details of 

the scattering process, and 𝑣𝐹 is the velocity of the electrons at the Fermi energy. 

Despite its drastic assumptions, the Drude model has been found to provide reasonable 

prediction for the dielectric function of many metals such as aluminum and alkali metals.2, 11   

However, this model neglects electrons in the valence band, thereby not accurately describing the 

dielectric function of the noble metals like gold and silver at photon energies higher than the 

interband transition threshold. To account for a substantial bound electron component, the 

modified Drude dielectric function that includes the contributions of bound electrons, (𝜀 = 𝜀𝑓𝑟𝑒𝑒 +

𝜀𝑏𝑜𝑢𝑛𝑑), is required.2, 4, 10-11, 17 Therefore, using the Drude and Lorentz models together, we have 

 𝜀(𝜔) = 1 −
𝜔𝑝

2

𝜔2+𝑖𝛾𝜔
+ ∑

𝜔𝑝𝑗
2

𝜔𝑗
2−𝜔2−𝑖𝛾𝑗𝜔

 (2.48) 



 

Note that an extension of the Drude-Lorentz model to more than one oscillator is used for better 

description of the dielectric function.  

 

2.3 OPTICAL PROPERTIES OF METAL NANOPARTICLES 

Noble metals such as gold and silver have been recognized as a valuable resource for a very 

long time in their aesthetic aspect due to their shine and lustrous look. However, when the physical 

dimensions of metals are reduced to the nanometer regime, their optical properties are significantly 

different from those of the bulk material.18 This interesting phenomenon has been of great interest 

to scientists for centuries. The first scientific report on the changes of their optical properties is the 

ruby color of colloidal gold synthesized by Michael Faraday in 1857.19 Since that time, quantitative 

and qualitative studies in the optical properties of metal nanoparticles have accelerated 

dramatically.20-21 Consequently, it turns out that the physical origin of the unique optical properties 

of metal nanoparticles is the coherent oscillation of the conduction band electrons induced by the 

interacting electromagnetic field.2, 11, 13 These collective, coherent oscillation of the electrons in 

resonance with the incident light in a metallic nanoparticle is called the localized surface plasmon 

resonance (LSPR) and dominates the optical response of the metal nanoparticle.2-4 

 

2.3.1 Resonant Condition for Observing LSPR Excitation 

In 1908, Gustav Mie first developed an analytical solution to the Maxwell’s equations for a 

homogeneous sphere of arbitrary radius illuminated by a plane electromagnetic wave in order to 

explain the varied color of colloidal gold and its size dependency.21 However, the Mie solution to 

Maxwell’s equations take the form of an infinite series of spherical multipole partial waves, which 



 

is a complicated mathematical function and therefore a difficult model with which to intepret the 

LSPR properties of metal nanoparticles.2-3, 11 To account for the LSPR condition, let us consider a 

homogeneous sphere of a radius much smaller than the wavelength (r << λ) for simplicity. In this 

case, the electric field of the light can be taken to be constant, and it is possible to employ the so-

called quasi-static approximation, where the interaction is governed by electrostatics rather than 

electrodynamics.2-4, 12-13 Then, the light scattering by a sphere can be addressed by solving the 

Laplace equation for the potential, ∇2Φ = 0, which is much easier to solve.  

 

 

Figure 2.1. Sketch of a homogeneous sphere in spherical coordinates 

 

Taking into account the geometry of our problem, the use of spherical coordinates is 

convenient to solve the equation. As shown in Figure 2.1, consider a homogeneous sphere with 

radius 𝑎 and dielectric function ε(𝜔), surrounded by a medium of permittivity ε𝑚 and placed in a 

uniform static electric field 𝐄 = 𝐸0𝑧̂ . Since the problem possesses azimuthal symmetry, the 

general solution of the Laplace equation is of the form2-4, 12-13 

 Φ(𝑟, 𝜃) = ∑ [𝐴𝑙𝑟𝑙 + 𝐵𝑙𝑟
−𝑙−1]𝑃𝑙(cos 𝜃)∞

𝑙=0  (2.49) 



 

Where 𝑃𝑙(cos 𝜃)  are the Legendre Polynomials of order l, 𝐴𝑙  and 𝐵𝑙  are constants to be 

determined using the boundary conditions, and 𝜃 is the angle between the position vector r at point 

P and the z-axis. Moreover, due to the requirement that the potentials must remain finite at the 

origin, the solution for the potentials inside and outside the sphere can be written as2-4, 12-13 

 Φ𝑖𝑛(𝑟, 𝜃) = ∑ 𝐴𝑙𝑟
𝑙𝑃𝑙(cos 𝜃)∞

𝑙=0  (2.50) 

 Φ𝑜𝑢𝑡(𝑟, 𝜃) = ∑ [𝐵𝑙𝑟
𝑙 + 𝐶𝑙𝑟

−𝑙−1]𝑃𝑙(cos 𝜃)∞
𝑙=0  (2.51) 

Now, considering the boundary conditions that are satisfied far away from the sphere (𝑟 →

∞) and at the sphere surface (𝑟 = 𝑎), we can determine the coefficients 𝐴𝑙, 𝐵𝑙, and 𝐶𝑙. As for 𝑟 →

∞, there is no significant field distortion by the effect of the sphere.2-4, 12-13 Thus, we must have 

Φ𝑜𝑢𝑡 → −𝐸0𝑧 = −𝐸0𝑟𝑐𝑜𝑠𝜃 in Equation 2.51, which demands that 𝐵1 = −𝐸0 and 𝐵𝑙 = 0 for 𝑙 ≠

1. Moreover, applying the remaining boundary conditions at the sphere surface, that use equality 

of the tangential components of the electric field and equality of the normal components of the 

displacement field 

 −
1

𝑎

∂Φ𝑖𝑛

𝜕𝜃
|

𝑟=𝑎
= −

1

𝑎

∂Φ𝑜𝑢𝑡

𝜕𝜃
|

𝑟=𝑎
 (2.52) 

 −𝜀0𝜀
∂Φ𝑖𝑛

𝜕𝑟
|

𝑟=𝑎
= −𝜀0𝜀𝑚

∂Φ𝑜𝑢𝑡

𝜕𝑟
|

𝑟=𝑎
 (2.53) 

yielding 

 𝐴1𝑎 = −𝐸0𝑎 + 𝐶1𝑎−2 (2.54) 

 𝜀𝐴1 = −𝜀𝑚𝐸0−2𝜀𝑚𝐶1𝑎−3 (2.55) 

and 𝐴𝑙 = 𝐶𝑙 = 0 for 𝑙 ≠ 1. This finally leads to the coefficients: 

 𝐴1 = −
3𝜀𝑚

𝜀+2𝜀𝑚
𝐸0 (2.56) 

 𝐵1 = 𝐸0 (2.57) 

 𝐶1 =
𝜀−𝜀𝑚

𝜀+2𝜀𝑚
𝐸0𝑎3 (2.58) 



 

Therefore, the potentials inside and outside the sphere can be written as2-4, 12-13 

 Φ𝑖𝑛 = −
3𝜀𝑚

𝜀+2𝜀𝑚
𝐸0𝑟 𝑐𝑜𝑠𝜃 (2.59) 

 Φ𝑜𝑢𝑡 = −𝐸0𝑟 𝑐𝑜𝑠𝜃 +
𝜀−𝜀𝑚

𝜀+2𝜀𝑚
𝐸0𝑎3 𝑐𝑜𝑠𝜃

𝑟2  (2.60) 

From the above equation, it can be seen that the potential diverges to infinity when 𝜀 + 2𝜀𝑚 

approaches zero at certain frequencies, which implies that the fields are resonantly enhanced. In 

fact, this response is considered as that of a dipole resonance induced by an externally applied 

electric field, which can be represented as an LSPR for metal nanoparticles.2-4, 12-13 Generally, 

however, this resonant condition cannot be fulfilled exactly because 𝜀𝑚  is typically real and 

positive, whereas 𝜀(𝜔)  has a nonzero imaginary part ( 𝐼𝑚[𝜀(𝜔)] ≠ 0 ). Thus, the resonance 

condition is simplified to the so-called Fröhlich condition2-4, 12-13 

 𝑅𝑒[𝜀(𝜔)] = −2𝜀𝑚 (2.61) 

Here it is also instructive to examine the distribution of the electric field. Since the electric 

field is given by the negative gradient of the potential (𝐄 = −∇Φ), the resulting electric field can 

be expressed as2-4, 12-13 

 𝐄𝑖𝑛 = −
3𝜀𝑚

𝜀+2𝜀𝑚
𝐸0𝑘̂ (2.62) 

 𝐄𝑜𝑢𝑡 = 𝐸0𝑘̂ +
𝜀−𝜀𝑚

𝜀+2𝜀𝑚

𝐸0𝑎3

𝑟3
(2𝑐𝑜𝑠𝜃𝑟̂ + 𝑠𝑖𝑛𝜃𝜃) (2.63) 

Where 𝑘̂ = 𝑐𝑜𝑠𝜃𝑟̂ − 𝑠𝑖𝑛𝜃𝜃 is used. Note that the second term of Equation 2.63 shows a similar 

form to the electric field of a perfect dipole.2-4, 12-13 Indeed, we can rewrite the potential outside the 

sphere by introducing the dipole moment 𝒑 

 Φ𝑜𝑢𝑡 = −𝐸0𝑟 𝑐𝑜𝑠𝜃 +
𝒑cos𝜃

4𝜋𝜀0𝜀𝑚𝑟2 (2.64) 

where 



 

 𝒑 = 4𝜋𝜀0𝜀𝑚𝑎3 𝜀−𝜀𝑚

𝜀+2𝜀𝑚
𝐸0𝑘̂ (2.65) 

Comparing the potential outside the sphere with the potential due to an ideal dipole aligned along 

the z axis (Φ𝑑𝑖𝑝 =
𝒑∙𝑟̂

4𝜋𝜀𝑚𝑟3
=

𝒑cos𝜃

4𝜋𝜀𝑚𝑟2
), we can see that Φ𝑜𝑢𝑡 represents the superposition of the 

applied field and that of a dipole located at the origin.2-4, 12-13 Thus, we may conclude that the 

applied field induces a dipole moment inside the sphere of magnitude proportional to |𝑬𝟎|.  

From the above derivation, we can also connect the dielectric function with the polarizability, 

which can be used to calculate the extinction cross section of a small sphere under the quasi-static 

approximation. If we introduce the polarizability 𝛼, defined via 𝒑 = 𝜀0𝜀𝑚𝛼𝑬𝟎, then we have2-4, 12-

13 

 𝛼 = 4𝜋𝑎3 𝜀−𝜀𝑚

𝜀+2𝜀𝑚
 (2.66) 

As expected, it can also be seen that the polarizability would be maximized at the Fröhlich 

resonance condition.  

 

2.3.2 Plasmonic properties of metal nanoparticles  

Above, it is shown that an applied electric field to a small sphere under the quasi-static 

approximation can induce an oscillating dipole when the resonant condition is met. In principle, 

the induced dipole moment or polarizability that we introduced in the preceding section describes 

the response of a sphere to incident light.2-3, 11, 13 However, these quantities are not usually 

observable in the actual experiments. Therefore, it is useful to introduce the so-called extinction 

cross section (𝐶𝑒𝑥𝑡), which quantifies how much the irradiance of electromagnetic waves incident 

on an object loses its intensity by a sum of scattering and absorption cross sections.2-3, 11, 13 Since 

the scattering and absorption cross sections are a measure for the probability of energy dissipation 



 

processes by scattering and absorption, they can be defined as the ratio of the scattering and 

absorption rate of the object to the energy density of the incident wave, respectively.2-3, 11, 13 

 𝐶𝑠𝑐𝑎 =
𝑊𝑠𝑐𝑎

𝐼0
, 𝐶𝑎𝑏𝑠 =

𝑊𝑎𝑏𝑠

𝐼0
 (2.67) 

where 𝑊𝑠𝑐𝑎 is the scattered energy rate, 𝑊𝑎𝑏𝑠 is the absorbed energy rate, and 𝐼0 is the energy flux 

density of the incident light. Thus, we can calculate the absorption and scattering cross sections by 

analysis of the Poynting vector and integration over all angles. Finally, the cross sections for 

scattering and absorption by a sphere in the electrostatic approximations are given by2, 4, 13 

 𝐶𝑠𝑐𝑎 =
128𝜋5

3

𝑎6

𝜆4 |
𝜀−𝜀𝑚

𝜀+2𝜀𝑚
|

2

=
𝑘4

6𝜋
|𝛼|2 (2.68) 

 𝐶𝑎𝑏𝑠 = 8𝜋2 𝑎3

𝜆
𝐼𝑚 {

𝜀−𝜀𝑚

𝜀+2𝜀𝑚
} = 𝑘𝐼𝑚{𝛼} (2.69) 

where k is the wavevector in the medium. From the equations above, it is clear that both absorption 

and scattering are greatly enhanced when the Fröhlich resonance condition is met, either through 

excitation of an LSPR or other means. Having obtained the expressions for the scattering and 

absorption cross sections of a sphere in the quasi-static approximation, the basic features of 

plasmonic properties could be understood. In the following, we will discuss the effects of size, 

shape, and dielectric medium surrounding the plasmonic nanoparticles on the LSPR for a deeper 

insight into the optical properties of metallic nanocrystals. 

 

2.3.2.1 Effect of Nanoparticle Size on the LSPR 

The plasmonic properties of metal nanoparticles are strongly dependent on the size, shape, 

and ambient medium.4, 13, 22-23 Figure 2.2 shows the extinction spectra of various sizes of gold 

nanoparticles with diameters of 9, 22, 48, and 99 nm.22 As shown in Figure 2.2, the nanoparticle 

size has a direct impact on the changes of position and width of LSPR peak because of two main 



 

factors. Firstly, for the larger particles (>25 nm for gold particles) where the quasi-static 

approximation breaks down, an increase in the size results in a red-shift and broadening of the 

plasmon band due to so-called retardation effects.22-24 Moreover, as the particle size continues to 

increase, higher order oscillation modes that contribute to additional extinction peaks can appear 

and become dominant (not shown here) since the carriers are no longer homogeneously polarized 

by the electric field of light.22-24 Secondly, a noticeable size effect emerges as the nanoparticle size 

becomes much smaller than the mean free path length of the carriers due to an additional damping 

process by electron-surface scattering.15-16, 22 This introduces a size dependence damping term in 

the Drude formula for the dielectric function of the material, as discussed in the previous section. 

Therefore, the LSPR band is broadened and blue-shifted with decreasing particle size. 

 

Figure 2.2. Effects of the nanoparticle size on the LSPR in colloidal solutions of gold 

nanoparticles. (a) Extinction spectra for spherical gold nanoparticles of various sizes in water, (b) 



 

variation of the LSPR bandwidth against the size of the gold nanoparticles, and (c) Dependence of 

the extinction coefficients of gold nanoparticles on their volume. Reprinted with permission from 

Reference 22. Copyright (1999) American Chemical Society. 

 

2.3.2.2 Effect of Nanoparticle Shape on the LSPR 

So far, we have considered a spherical particle due to the high symmetry that the excitation 

of LSPR is independent of the polarization direction of the incident light. However, as the spherical 

symmetry is broken, light polarization plays an important role in the LSPR properties. The most 

common example of this is rod-shaped metal nanoparticles that generally have two plasmon 

resonance modes for light polarized longitudinally and transversely along the long- and short-axis 

of the nanorod, respectively.22-23, 25-27 Figure 2.3 illustrates that the shape of metal nanostructures 

can dramatically affect their plasmonic properties. Particularly, it has been shown that the 

longitudinal resonance is considerably red-shifted and depends strongly on the gold nanorod aspect 

ratio, whereas the transverse resonance lies close to the observed LSPR peak for spherical seed 

particles (~520 nm).22, 25  



 

 

Figure 2.3. Shape dependence of the LSPR. Top panel: Transmission electron microscopy (TEM) 

images of gold nanorods of various aspect ratios. Aspect ratio = 1.35 ± 0.32, 1.95 ± 0.34, 3.06 ±

0.28, 3.50 ± 0.29, and 4.42 ± 0.23 (From a-e). Bottom panel: Representative extinction spectra 

(left) and photographs (right) of colloidal gold nanorods with different aspect ratios. Reprinted 

with permission from Reference 25. Copyright (2005) American Chemical Society. 

 

2.3.2.3 Effect of Surrounding Medium on the LSPR 

Besides the nanoparticle size and shape, changing the ambient medium around plasmonic 

nanoparticles can also have an impact on their plasmonic properties.23, 28-29 Figure 2.4 shows the 

influence of the surrounding medium on the LSPR peak position of gold nanoparticles that a red-

shift in LSPR peak position is observed with increasing refractive index of the solvent.28 The 

observed red-shifting of the LSPR can be explained by changes in the Fröhlich condition, as 

discussed in Section 2.3.1.23, 28-29 Intuitively, this also can be understood by recognizing that an 



 

increase in the dielectric constant of the medium results in a reduced Coulombic restoring force of 

the carriers, thus leading to a decrease of the resonance frequency. 

 

Figure 2.4. (a) Calculated and (b) experimentally obtained extinction spectra for 8nm gold 

nanoparticles suspended in different media, cyclohexane (n=1376), dodecane (n=1.421), decalin 

(n=1.471), and carbon disulfide (n=1.602). Adapted with permission from Reference 28. 

Copyright (1994) American Chemical Society. 

 

2.4 LSPRS IN COPPER CHALCOGENIDE SEMICONDUCTOR NCS 

Over the past decade, degenerately-doped semiconductor nanocrystals have emerged as a new 

class of plasmonic nanomaterials with highly tunable LSPR properties over a wide spectral range, 

which stems from active control over the carrier density in the nanocrystals.30-32 Although it is 

well-known that the LSPR characteristics of metal nanoparticles can be tuned by variation of the 

size, shape, choice of metal, or dielectric environment surrounding the nanoparticles, plasmonic 

metal nanoparticles offer a limited LSPR tunability due to their high charge carrier concentration 



 

on the order of ~1022 cm-3.30-32 Since the spectral position of the LSPR is strongly affected by its 

charge carrier concentrations (Figure 2.5),33 degenerately-doped semiconductor nanocrystals are 

an attractive subset of plasmonic materials that enable more control over their LSPR properties.  

 

Figure 2.5. Dependence of the LSPR frequency on the concentration of free charge carriers in a 

spherical nanoparticle. Reprinted with permission from Reference 33. Copyright (2011) 

Macmillan Publishers Ltd: Nature Materials. 

 

Notably, unlike metallic nanoparticles, the LSPR frequency of degenerately doped 

semiconductor nanocrystals can be tuned over a broad wavelength range in the near- to mid-

infrared by controlling the degree of doping.30-32 More interestingly, the LSPR in plasmonic 

semiconductor NCs can also be dynamically modulated via post-synthetic chemical, 

photochemical, and electrochemical reactions.30-32 Such flexible capability of the LSPR in 

degenerately-doped semiconductor NCs has opened new possibilities for the application of 

plasmonic nanomaterials in sensors, electrochromics, and optoelectronic devices.30-32 



 

To date, LSPRs in nonmetallic nanomaterials have been found for a variety of degenerately 

doped semiconductor nanocrystals, including copper chalcogenides,33-37 oxygen-deficient 

transition metal oxides,38-39 doped metal oxides,40-44 and phosphorous or boron-doped silicon 

nanocrystals.45-47 Among many plasmonic semiconductor nanocrystals, copper chalcogenide NCs, 

namely copper sulfide, copper selenide, copper telluride, and the related alloy NCs, have captured 

researchers’ attention due to their unique properties of self-doping induced by intrinsic formation 

of copper vacancies in ambient air.33, 35-37  

Since the discovery of LSPRs in copper sulfide semiconductor NCs by Zhao et al. in 2009,34 

many studies have demonstrated that copper chalcogenide NCs can sustain LSPRs through the 

resonant excitation of high concentrations of free hole carriers present in the valence band 

generated by large numbers of copper vacancies.33-37 Figure 2.6 shows the evolution of the LSPR 

in binary copper chalcogenide NCs, which arises from the large level of copper vacancies in the 

material upon exposure to air.35 Moreover, it has been reported that the position and intensity of 

the LSPR peak are sensitive to the hole carrier density and chemical composition within the 

nanocrystals.33-37, 48-50 Therefore, the LSPR characteristics of the copper chalcogenide NCs can be 

tuned through the engineering of copper vacancies either by modulating chemical composition and 

crystal structure during synthesis or using a post-synthetic modification of the NCs via redox 

reaction.36-37, 48-50 



 

 

Figure 2.6. Evolution of the LSPR in copper chalcogenide NCs during oxidation. Optical and 

structural changes of (a) Cu2-xS and (b) Cu2-xSe NCs as a function of oxidation under ambient 

conditions. Adapted with permission from Reference 35. Copyright (2012) American Chemical 

Society. 

 

2.5 OPTICAL PROPERTIES OF CUFES2 NANOCRYSTALS: QUASI-STATIC 

DIELECTRIC RESONANCE 

Recently, increasing attention has been paid to the optical properties of CuFeS2 NCs that 

exhibit a pronounced “plasmon-like” resonant absorption in the visible spectrum.51-54 The unique 

optical properties of CuFeS2 NCs have been ascribed to the occurrence of LSPR without solid 

evidence due to the similarity with the optical properties of gold nanoparticles.51-52 However, 

considering the low free carrier density of all-dielectric intermediate-band semiconductor CuFeS2 

NCs,54-55 this interpretation is doubtful because plasmonic nanomaterials rely on large free carrier 



 

densities to generate a negative permittivity at the LSPR frequency – thus enabling the Fröhlich 

resonance condition and associated divergent polarizability that gives rise to resonant absorption 

and scattering features.54 

A recent report by Gaspari et al. theoretically showed that the plasmonic-like behavior of 

CuFeS2 NCs is associated with the intermediate band in this material, which enables a negative 

permittivity in the visible region.54 As a result, the unique electronic structure of intermediate band 

semiconductors can provide quasi-static optical resonances in CuFeS2 NCs, in contrast to the free-

carrier reliant LSPR that occurs in plasmonic metal nanoparticles. However, the quasi-static 

dielectric resonance in intermediate band semiconductor nanocrystals has not been widely studied 

as yet and is rarely reported in the literature. 
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Chapter 3. IRON-CONTENT-DEPENDENT, QUASI-STATIC 

DIELECTRIC RESONANCE AND LOCALIZED SURFACE 

PLASMON RESONANCE IN COPPER IRON SULFIDE 

NANOCRYSTALS 

3.1 INTRODUCTION 

Transition metals with partially filled d-orbitals are known to bestow interesting electronic, 

magnetic, and optical characteristics to the materials they constitute.1-5 For instance, Re6+ being a 

d1 system, confers metallic character to rhenium (+6) oxide,3, 6 while the incorporation of Cr3+ (d1 

system) enables lower-energy photon absorption in relatively wide band gap semiconductors like 

CuGaS2.
7 In metal sulfides, this influence manifests in the form of delocalized d-levels, which 

form a narrow band near the top of the valence band (VB) or deep in the band gap.5, 8-9 The presence 

of this intermediate band (IB) has been demonstrated to render hitherto unknown optical responses 

at the nanoscale, as has recently been demonstrated for colloidal nanocrystals (NCs) of CuFeS2,
5, 

10-11 and Cu3VS4.
4, 12-13 Further, from the perspective of practical applications, IB semiconductor 

NCs are of significance as they enable a more efficient absorption of solar radiation,14-15 improved 

thermoelectric efficiency,16-17 and can be used as photothermal agents for cancer therapy.5, 18-20 

Among the nanoscale metal chalcogenides, colloidal NCs of copper chalcogenides have 

been actively studied in recent times, owing to their structural, compositional, and stoichiometric 

versatility, and more importantly, for the “self-doped” intrinsic formation of copper vacancies that 

lead to the localized surface plasmon resonance (LSPR) response in the near infrared (NIR) region 

of the electromagnetic spectrum.21-25 This optical response of binary copper chalcogenide NCs is 

tunable through manipulation of their composition, and the same principles have lately been 

extended to ternary and quaternary chalcogenide NCs as well,25-27 albeit the mechanism underlying 



 

the optical responses can be fundamentally different in different material systems. For instance, in 

contrast to the widely studied plasmonic Cu-S NCs, Ghosh and Gaspari et al. recently showed that 

a metal-like optical response in chalcopyrite CuFeS2 NCs can be attributed to its unique band 

structure, which constitutes an IB of states generated by empty Fe 3d orbitals.5, 10 Remarkably, 

when the IB is sufficiently close to the VB edge, the material can exhibit a negative real 

permittivity across a broad range of visible frequencies.10 This negative real permittivity enables 

a Fröhlich resonance condition, leading to a quasi-static dielectric resonance (DR) and associated 

resonant absorption in the visible frequency regime, despite a complete lack of ground-state free 

charge carriers, as demonstrated in nanoscale CuFeS2.
5, 10  

The presence of Fe, as the transition metal with partially filled d-orbitals, is then the 

defining factor in the optical signatures from these Cu-Fe-S systems. Similar to the experiments 

on binary Cu-S NCs, a modulation of this optical response through changing compositions has 

been demonstrated in some nanoscale Cu-Fe-S semiconductors.28-30 For instance, the introduction 

of Cd in Cu-Fe-S NCs rendered them luminescent,28 while a modulation of the DR was 

demonstrated through changing the S:Se ratio in CuFeS2-xSex alloyed NCs.30 However, a 

comprehensive demonstration of the influence of changing Fe content on the optical responses of 

Cu-Fe-S NCs is necessary to develop a proper understanding of the spectral influence of the Fe 3d 

orbitals, and devise practical applications of these nanoscale semiconductors. 

Here, we investigate the influence of iron content on the optical resonances and 

concomitantly, the electronic structure of bornite-phase, copper iron sulfide NCs, synthesized via 

a colloidal hot-injection route. The synthesis entails rapidly introducing a reactive sulfur precursor 

into a hot solution of copper and iron precursors in admixture with excess halide ions and organic 

surfactants. This halide-assisted synthetic method enabled both a monodisperse size distribution 



 

and control over the composition of the as-synthesized bornite NCs, allowing for delineation of 

the relationship between Fe content, electronic structure, and the spectral characteristics of 

nanoscale Cu-Fe-S systems. As the Fe content of the as-synthesized bornite NCs was varied from 

4.1 to 12.5%, significant changes in their optical extinction spectra were observed, with high-Fe-

content NCs exhibiting the appearance of a strong absorption band in the visible frequency regime 

(centered at 490 nm; 2.53 eV), which we attribute to a Fe-3d IB-associated DR, while the low-Fe-

content NCs exhibit a NIR LSPR response (centered at 1000 nm; 1.24 eV). Further, a DR-to-LSPR 

transition could be induced via simple aerobic oxidation of the as-synthesized bornite NCs, which 

was ascribed to the oxidatively driven removal of Fe (out of the NCs) by careful elemental analysis 

of the NC composition. A similar spectral transition was also demonstrated on chalcopyrite 

(CuFeS2) NCs via controlled oxidation and addition of ions, which further corroborates the role of 

Fe 3d orbitals in the emergence of the visible frequency DR centered at 490 nm (2.53 eV) in 

nanoscale Cu-Fe-S systems. Density functional theory (DFT) calculations lend additional evidence 

in this regard, showing an increased contribution to the density of states in the IB as the Fe content 

of the bornite NCs is increased. These spectral changes are visually discernible, as the DR induces 

a purple-colored NC dispersion while the LSPR leads to a green color, for both bornite and 

chalcopyrite NCs. These joint investigations validate that the intense 490-nm band in nanoscale 

Cu-Fe-S systems cannot be attributed to the more widely known LSPR response that arises from 

the collective oscillations of free charge carriers, and is indeed due to their unique band structure 

which contains an intermediate Fe d-band that enables a Frölich resonance in the visible region. 

These optical modulations via compositional tuning yield a more holistic understanding of the DR 

response of Cu-Fe-S NCs, and can be further engineered into dynamic material systems.  



 

3.2 RESULTS AND DISCUSSION 

The synthesis of bornite-phase copper iron sulfide NCs with controlled iron-content was 

performed via hot injection on a Schlenk line, where a reactive sulfur precursor 

(hexamethyldisilathiane in octadecene) was rapidly injected into a hot solution of copper (II) and 

iron (III) chlorides in a mixture of trioctylphosphine oxide, oleylamine, oleic acid and octadecene. 

The metal-precursor solution was also charged with excess sodium chloride, in order to ensure that 

the reaction medium was halide rich. The presence of excess halide species was necessary to obtain 

the desired iron-content while maintaining a monodisperse size distribution in these NCs,31 as it is 

important to balance the reactivity of the two metal precursors for a chosen stoichiometry in ternary 

copper chalcogenide NCs,5, 32 as has been demonstrated previously for various colloidal NCs.32-34 

When the synthesis was performed with no added halide ions in the system, large, polydisperse, 

low-iron-content bornite NCs with a platelet-like morphology resulted, predominantly exhibiting 

a broad NIR LSPR optical signature (Figure A.1). However, for the experiments described herein, 

it was critical that samples of monodisperse, phase-pure bornite NCs with tunable iron content 

were produced (Figure A.2), both of which were achieved via the presence of the excess halide 

ions. In these syntheses, the quantity of FeCl3 was adjusted relative to a fixed amount of CuCl2, 

with representative transmission electron microscopy (TEM) and high-resolution TEM (HRTEM) 

images of the resulting NCs shown in Figure 3.1. Iron contents ranging from 4.1 at.% (Figure 

3.1a) to 12.5 at.% (Figure 3.1b) were obtained, as determined by elemental analysis via energy-

dispersive X-ray spectroscopy (Table A1), and these stoichiometries are respectively referred to 

as “low-Fe” and “high-Fe” bornite in this work. As a reference, the crystal structure of the two 

major bornite polymorphs, Cu5FeS4 (10 at.% Fe) and Cu2FeS2 (20 at.% Fe) are shown in Figure 

A3, where S atoms form a face-centered cubic lattice with Cu and Fe atoms residing in a subset of 



 

the tetrahedral sites, as compared to the fully tetragonal chalcopyrite CuFeS2 structure. The iron-

content difference between these bornite polymorphs can be appreciated from the fact that in a unit 

cell, a Cu-atom in Cu5FeS4 is essentially replaced by an Fe-atom in Cu2FeS2 (or Cu4Fe2S4, for the 

sake of clarity) and considering that the NCs reported here exhibit stoichiometries which can be 

interpolated between these extreme cases, this system is particularly well suited for studying the 

effect of Fe-content on the optical signatures exhibited by nanoscale Cu-Fe-S materials. In 

comparison, the main difference between the bornite and chalcopyrite structures is in the relative 

occupation of tetrahedrally coordinated Cu and Fe atoms, as can be appreciated from their crystal 

structures shown in Figure A.3. 

The tighter size control afforded by the halide-assisted synthesis can be discerned from the 

fact that the as-synthesized NCs exhibit a relatively uniform size distribution with average 

diameters of 16.2 ± 2.1 and 15.4 ± 1.4 nm, respectively, for the low-Fe and high-Fe compositions 

(Figure A2). HRTEM images (Figure 3.1, panels a and b insets) reveal the single-crystalline nature 

of the as-synthesized NCs, with the measured interplanar distances corresponding to the (044) 

lattice planes of the cubic bornite structure. Interestingly, the measured interplanar spacing was 

found to be dependent on the Fe content of the NCs, with higher Fe-content NCs exhibiting a 

narrower (044) d-spacing. This is suggestive of lattice compression as the Fe content in the NC 

increases, and indeed this can be correlated to the smaller ionic radius of Fe (compared to Cu), 

leading to a decreased lattice constant as the Fe atoms progressively replace Cu atoms in the NC 

lattice. In fact, a more general set of evidence in this regard is obtained from X-ray diffraction 

(XRD) measurements (Figure 3.1c), which further corroborates the observed trend. The high-Fe 

bornite NC diffraction patterns can be clearly ascribed to the cubic bornite phase (Figure 3.1c), 

with the indexed diffraction peaks systematically shifting toward higher Bragg angles upon 



 

increasing Fe content. As mentioned above, the NCs reported herein exhibit stoichiometries which 

range between the bornite polymorphs of Cu5FeS4 and Cu2FeS2, and this fact is also apparent in 

the XRD patterns shown in Figure 1c. Cu2FeS2 exhibits higher Bragg angles in comparison to 

Cu5FeS4, in line with the fact that Cu2FeS2 has a higher Fe-content (20%) and the high-Fe bornite 

NCs (12.5% Fe) actually exhibit Bragg angles closer to the Cu2FeS2 polymorph. On the other hand, 

low-Fe bornite NCs (4.1% Fe) have Bragg angles closer to the Cu5FeS4 polymorph, while the other 

stoichiometries systematically fall in between these cases. In addition, this systematic shift in the 

XRD patterns confirms that the additional iron has been uniformly incorporated into the crystal 

lattice.35-36 The lattice constants calculated from each of the measured XRD patterns are plotted in 

Figure 1d as a function of the measured Fe-content for each respective sample. Notably, the 

calculated lattice constants are remarkably consistent with the lattice parameters determined from 

TEM (Figure A.4), with the results of both measurements shown overlaid in Figure A5. However, 

the most striking difference between the low-Fe and high-Fe bornite NCs is in their optical 

extinction profiles (Figure 3.1e), which were found to exhibit strong, resonant extinction features 

with iron-content-dependent intensities at distinct visible and near-infrared (NIR) frequencies. As 

discussed in detail below, we attribute these extinction features to two fundamentally different 

types of resonant excitation. 



 

 

Figure 3.1. Structural and morphological characterization of the as-synthesized bornite NCs. TEM 

images of (a) low-Fe and (b) high-Fe bornite NCs; insets show the respective HRTEM images and 

fast Fourier transforms of individual NCs. (c) XRD patterns of NC samples with varied Fe-content, 

in comparison to reference lines for bornite Cu5FeS4 (PDF #98-000-6587; blue lines) and bornite 

Cu2FeS2 (PDF #98-000-4849; red lines). (d) Bornite NC lattice constants determined from the 

XRD patterns in panel c, flanked by representative bornite polymorphs. (e) UV-vis-NIR extinction 

spectra of as-synthesized bornite NCs with the lowest and highest Fe content. Spectral artifacts 

caused by the NIR absorption bands of the chloroform solvent are marked by asterisks. 

 

Since the absorption and scattering cross-sections of a colloidal nanostructure are directly 

related to its polarizability, where 𝜎𝑎𝑏𝑠 = 𝑘 ∙ 𝐼𝑚{𝛼}, 𝜎𝑠𝑐𝑎𝑡 = 𝑘4

6𝜋
|𝛼|2, and 𝑘 is the wavevector of the 

incident light, the wavelengths at which resonant extinction features occur can be readily 

determined via an examination of the polarizability, 𝛼, of the nanostructure, which can be extracted 

by solving Maxwell’s equations for a dielectric particle subjected to an incident electromagnetic 



 

wave.37 For a nanostructure with a spherical shape, the resulting polarizability is given by the 

following Mie theory expression: 

 𝛼 = 3𝜖0𝑉
(𝜀−𝜀𝑚)

(𝜀+2𝜀𝑚)
 (3.1) 

where 𝜖0 is the permittivity of free space, 𝑉 is the volume of the nanostructure, 𝜀𝑚 is the dielectric 

function of the surrounding medium, and 𝜀 is the complex permittivity of the nanostructure itself.37 

At certain frequencies, depending on the relative permittivities of the nanostructure and the 

surrounding medium, the denominator of the above expression for the polarizabilty approaches 

zero, resulting in a divergent polarizibility and subsequent resonant abosorption and scattering 

profiles.37 For a dielectric sphere, the Fröhlich resonance condition (where 𝜀 + 2𝜀𝑚 → 0) occurs 

at specific frequencies where the real component of the nanostructure permittivity, 𝜀′, is equal to 

−2𝜀𝑚.37 Thus, for colloidal NCs with typical ligands and solvent media, resonant absorption and 

scattering features occur at frequencies where the real component of the nanostructure dielectric 

function becomes negative.3, 38-39  

 For metallic and highly doped semiconductor nanostructures, it is the high density of free 

charge carriers that enables a negative real permittivity, typically in the visible-to-infrared 

frequency regime, resulting in the collective, coherent excitation of a localized surface plasmon 

resonance (LSPR) at the frequency where the polarizability of the structure diverges.38-40 While 

free-charge-carrier-enabled localized surface plasmon resonances (LSPRs) are perhaps the most 

well-known class of resonant excitation in colloidal nanomaterials, it should be noted that other 

important modes of resonant excitation also exist. Since the permittivity of an inorganic material 

is a complex, additive function with many components, including free carrier contributions, 

interband and intraband electronic excitations, and phononic vibrational excitations, these 

collective contributions can give rise to negative real permittivities at a variety of frequencies.38 



 

For example, many inorganic dielectric materials exhibit high-frequency negative permittivities, 

and Mie resonances at the corresponding energies in the ultraviolet are quite common.3, 41-42 

Moreover, as mentioned earlier in the introduction, it was recently demonstrated that IB 

semiconductor NCs can exhibit visible-frequency negative real permittivities that give rise to 

strong, visible-frequency DR if the material possesses an IB of states that lies in close proximity 

to the edge of the VB.10 

As can be seen in Figure 1e and S9, low-Fe and high-Fe bornite NCs exhibit dramatically 

different UV-vis-NIR extinction spectra that depend strongly on the Fe content of the NC. While 

low-Fe bornite NCs (< 7 at.% Fe) were found to exhibit a strong LSPR peak in the NIR, similar to 

what has been observed previously in many copper sulfide NC systems,43-45 an additional 

extinction feature centered at 490 nm, which is not typically observed in copper sulfide NCs, was 

also observed. For the high-Fe bornite compositions (above ~9%), the small feature at 490 nm was 

found to have significantly increased intensity (Figure 3.1e), dominating the extinction 

characteristics of the material relative to the NIR LSPR response observed in the low-Fe bornite 

NCs.  

 

Figure 3.2. A schematic band structure of chalcopyrite-phase copper iron sulfide showing the 

optical transitions between states in the valence band (VB) and the intermediate band (IB), and 

comparison of UV-vis-NIR extinction spectra of stoichiometric chalcopyrite NCs and bornite 



 

NCs with 9.5 at.% Fe. Spectral artifacts caused by the NIR absorption bands of the chloroform 

solvent are marked by asterisks. 

 

Notably, absorption features with iron-content-dependent intensities have been observed 

in bulk-scale, Fe-doped, chalcopyrite-phase CuGaS2 and CuAlS2 materials.46 These previous 

observations, along with the recent demonstration of quasi-static dielectric resonances in 

chalcopyrite-phase copper iron sulfide NCs,10 led us to hypothesize that the strongly iron-content-

dependent optical transition that we observe in bornite-phase copper iron sulfide may potentially 

be due to resonant transitions associated with a set of Fe-related states near the edge of the bornite 

VB. As a comparison, chalcopyrite-phase CuFeS2 NCs with analogous sizes were also synthesized, 

with the extinction characteristics of bornite-phase, 9.5 at.% Fe NCs shown overlaid on the 

chalcopyrite CuFeS2 extinction data (Figure 3.2). The previously reported DR is clearly observed 

in the chalcopyrite sample, at a similar frequency to that of the observed 490-nm extinction peak 

in the bornite NC samples. Furthermore, two additional distinguishable absorption features are 

observed as broad shoulders in the high-Fe bornite NCs, with peak positions at about 600 nm and 

1250 nm, respectively. Notably, these two absorption bands also closely resemble the electronic 

transitions from the VB to the IB in chalcopyrite copper iron sulfide NCs that were previously 

reported by Oguchi et al.,47 suggesting the existence of two similar sub-bandgap transitions in the 

bornite-phase copper iron sulfide NCs. 



 

 

Figure 3.3. (a) Crystal structures, (b) atomic-projected density of states (DOS), and (c) integrated 

DOS of Fe 3d in the IB for a series of bornite copper iron sulfides. 

 

In order to test the hypothesis that the iron-related extinction feature of bornite in the visible 

region occurs due to the mid-gap Fe 3d states located above the VB edge, density functional theory 

(DFT) calculations were carried out to determine the electronic structure of bornite-phase copper 

iron sulfide with different levels of iron content. Using intermediate-cubic-phase bornite (Cu5FeS4, 

Fm3m; 10 at.% Fe) as a starting point – as corroborated by the experimental XRD patterns in 

Figure 1 – the stoichiometry was systematically altered by gradually replacing tetrahedrally 

coordinated Cu atoms with additional Fe. The resulting integrated density of states (DOS) for three 

different stoichiometric bornite phases are shown in Figure 3.3a. As can be seen from the atomic-

projected DOS curves (Figure 3.3b), bornite indeed possesses an intense IB of states dominated 

by empty Fe 3d orbitals just above the VB. Moreover, the integrated density of states in the IB is 



 

strongly dependent on the iron content of the material (Figure 3.3c), agreeing with the iron-

content-dependent intensity of the resonant optical transition observed at 490 nm in the bornite-

phase NCs. Due to the strong similarities with the computational results of Gaspari et al.,10 our 

data suggests that bornite NCs are an example of an IB semiconductor that exhibits a tunable, iron-

content-dependent quasi-static DR in the visible frequency range. Also, we observe that the partial 

substitution of Cu atoms in Cu5FeS4 by Fe not only increases the DOS of the IB, but also decreases 

the gap between the VB and the IB, thus favoring the occurrence of a quasi-static DR by extending 

the range of negative permittivity.10 

 

Figure 3.4. Optical and structural changes of the bornite NCs as a function of oxidation under 

ambient conditions. (a, b) high-Fe, and (c, d) low-Fe bornite NCs. Panels a and c show the spectral 

evolution of the respective NCs as the oxidation progresses over the course of two days. Spectral 

artifacts caused by the NIR absorption bands of the chloroform solvent are marked by asterisks. 

Panels b and d include the XRD patterns collected for the as-synthesized NCs and the oxidized 

NCs after 3 weeks of air exposure. 



 

It is well known that nanoscale binary copper chalcogenides are prone to oxidation into 

more thermodynamically stable phases, and these phase changes are accompanied with changes in 

their optical characteristics.48-49 Binary copper chalcogenides become self-doped upon exposure 

to air, through the well-established mechanism of Cu atom expulsion,49 due to the high mobility 

of Cu ions in these lattices.50 However, in a ternary Cu-Fe-S system like bornite or chalcopyrite, 

the iron atoms are in an energetically unfavorable tetrahedral coordination, which makes lattice 

expulsion of Fe-atoms upon external influence more likely.51 In fact, very few naturally occurring 

minerals are found with Fe atoms in tetrahedral coordination due to this reason,52 and likewise, we 

found that oxidation of as-synthesized bornite NCs leads to expulsion of Fe atoms from the lattice. 

The resulting variations in the iron content of the NCs have a large impact on their spectral 

characteristics. In case of the high-Fe bornite NCs, the initially dominant extinction feature at 490 

nm decreases in intensity as the Fe-atoms are slowly expelled from the NCs by exposing them to 

ambient conditions (Figure 3.4a), while the NIR LSPR feature gradually intensifies and eventually 

dominates the spectrum. The origin of this LSPR band in these oxidized NCs is similar to that of 

binary Cu-S NCs, where metal vacancies in the NC lattice leave holes behind as charge 

compensation. As Fe atoms are expelled from the lattice, the stoichiometry of these NCs approach 

that of a nanoscale Cu-S system, and further oxidation leads to a LSPR response due to the 

increased density of holes in the VB. This behavior is more apparent in the extinction spectra of 

low-Fe bornite NCs (Figure 3.4c), which exhibit a LSPR band which gradually intensifies and 

blue-shifts upon air exposure. Such a blue-shift could conceivably be explained by increased 

vacancy formation in bornite NCs upon oxidation, analogous to what is known to occur in binary 

copper chalcogenide NCs.21-22, 25 This will be discussed in more detail later in the text. XRD 

analysis of the NCs before and after these oxidative changes suggest that there was a slight shift 



 

to higher Bragg angles for all peaks in the XRD pattern of the low-Fe bornite sample upon 

exposure to air for 3 weeks (Figure 3.4d), indicating a decrease in the lattice parameter due to the 

formation of copper vacancies.45, 53 In contrast, it can clearly be seen that the lattice parameter of 

the high-Fe bornite NCs increases as the material is oxidized (Figure 3.4b). This increase in lattice 

parameter along with the decrease in intensity of the iron-related extinction feature, indicates 

oxidatively driven expulsion of iron from the high-Fe bornite NCs.  

 

Figure 3.5. Oxidatively driven iron leaching and its influence on the optical signatures of bornite 

NCs. UV-vis-NIR extinction spectra of high-Fe bornite NCs: (a) as-synthesized, (b) after exposure 

to ambient air for 2 days, and (c) stored in a nitrogen-filled glove box for 45 days. Spectral artifacts 

caused by the NIR absorption bands of the chloroform solvent are marked by asterisks. 

Photographs of the corresponding NC dispersions are included as insets, and the lattice constants 

of the NCs (as determined by XRD measurements) are included in panel (d). HAADF-STEM 

images and elemental mapping of the (e) as-synthesized and (f) oxidized high-Fe bornite NCs. The 

presence of iron-rich granular matter in the oxidized NC sample (panel f) is marked by arrows, 

while the white encircling lines in both panels demarcate the regions on which EDXS mapping 

was performed. The corresponding composite and individual elemental STEM-EDXS maps are 

included below each panel (e and f). 



 

 

The oxidation of the bornite NCs is also visually discernible, as the purple-colored 

dispersion of these NCs turns green upon air exposure (Figure 3.5, panels a and b). The drastic 

difference in visual appearance between the DR-exhibiting, as-synthesized (Figure 3.5a) and 

LSPR-exhibiting, air-oxidized (Figure 3.5b) bornite NC samples are immediately apparent, while 

the sample stored in an inert-atmosphere glove box shows very little change (Figure 3.5c) even 

after 45 days of storage. Likewise, the lattice parameter of the sample stored in the glove box 

remains unchanged, while the lattice parameter of the sample stored in air increases significantly 

upon oxidation (Figure 5d). This clearly demonstrates that the particles are stable under inert 

atmosphere and that oxidizing conditions are necessary to drive the observed spectral evolution. 

Further experiments to track the oxidative changes of the high-Fe bornite NCs were then 

carried out using elemental mapping via energy-dispersive X-ray spectroscopy (EDXS), leading 

to additional direct evidence that elucidates the role of iron in these systems, as discussed above. 

Figures 5e and 5f show high-angle annular dark-field scanning TEM (HAADF-STEM) images for 

as-synthesized and oxidized bornite NCs, respectively. Apart from the readily discernible NCs in 

both images, some additional small granular matter is also immediately apparent in the oxidized 

NC sample (Figure 3.5f; arrows marking the regions of interest). EDXS mapping was then 

performed on a subset of the NCs in each sample (the analyzed regions are encircled by white lines 

in Figure 3.5, panels e and f) in order to establish a spatial distribution of the constituent elements. 

The as-synthesized high-Fe bornite NCs exhibit Cu, Fe, and S evenly distributed throughout the 

individual nanocrystals (Figure 3.5e). In contrast, while colocalization of the three elements over 

the NCs was still apparent after oxidation, significant leaching of iron from the NCs was clearly 

evident (Figure 3.5f). The iron signals in the EDXS maps were clearly more concentrated in the 

regions outside of the NCs after oxidation, revealing that the granular matter observed in the 



 

oxidized samples is predominantly composed of iron. These observations were further 

corroborated by elemental analysis using inductively coupled plasma optical emission 

spectroscopy (ICP-OES) of the as-synthesized and oxidized high-Fe bornite NCs. After the NCs 

were precipitated using an anti-solvent, such that the precipitate and supernatant could be analyzed 

separately, larger concentrations of iron were detected in the supernatant of the oxidized sample 

(Table A.4).  

The above results demonstrate that the diminished intensity of the extinction feature at 490 

nm can be attributed to the selective expulsion of iron atoms from the bornite NCs under oxidative 

stress, which leads to changes in the electronic structure and dielectric response of the material, 

thereby altering the optical extinction characteristics. The nature of this 490-nm extinction band 

was further probed by testing its dependence on the refractive index of the surrounding medium. 

A systematic bathochromic shift of the extinction peak was observed with increasing solvent 

refractive index, providing additional evidence that this pronounced optical characteristic indeed 

arises from a Fe-3d IB-related quasi-static DR (Figure A.11), as has been demonstrated in 

chalcopyrite CuFeS2 NCs.10 Computational calculations of the permittivity of the bornite phases 

verify that the real part of their permittivity indeed turns negative in the visible frequency range as 

a consequence of their unique electronic structure (Figure A.12), giving rise to a quasi-static DR 

in nanoscale particles (see Appendix A for calculation details).10 

Further evidence for the generality of the role of Fe in the resonant extinction 

characteristics of ternary Cu-Fe-S NCs was also demonstrated by inducing similar spectral 

transformations in chalcopyrite-phase CuFeS2 NCs. However, since chalcopyrite NCs are much 

less susceptible to ambient oxidation than the bornite phase, the use of more aggressive oxidizing 

agents or added ions was necessary to transform the spectral characteristics of the chalcopyrite 



 

NCs from an intense visible-frequency DR to a NIR LSPR. The colloidal chalcopyrite NCs used 

in these experiments were synthesized by a modified version of the procedure earlier reported by 

Ghosh et al.5 NC purification and subsequent ion additions were performed in an inert atmosphere 

to eliminate effects of air exposure. Solutions of Cu(II), Cu(I), and Ce(IV) ions in methanol were 

added to the chalcopyrite NC solutions in small increments in screw-capped cuvettes, and the 

associated spectral changes were recorded (Figure 3.6). The aforementioned transition from an 

intense DR to a LSPR is immediately apparent in Figure 3.6a, where the spectral changes 

associated with the progressive addition of Cu(II) ions are shown. Since Cu(II) ions are oxidizing 

in nature,54 the intensity of the DR at 490 nm diminishes due to the oxidatively driven expulsion 

of Fe atoms once again, while the LSPR centered at 1000 nm subsequently increases in intensity 

due to the formation of cation vacancies in the material. On the other hand, when Cu(I) ions are 

added to chalcopyrite NCs (Figure 3.6b), the DR similarly loses intensity due to the expulsion of 

Fe atoms, but subsequently, the LSPR peak appears briefly and then shifts to longer wavelengths 

(lower energy), eventually disappearing as the addition of Cu(I) ions is continued. This difference 

in evolution of the LSPR can be attributed to the replacement of holes in the NC lattice (left behind 

by the exiting Fe atoms) by the incoming copper atoms, when Cu(I) ions are added.48-49 In case of 

Cu(II) addition described before, the oxidizing nature of CuCl2 takes precedence and gives rise to 

the vacancy-generated LSPR signature in the chalcopyrite NCs (Figure 3.6a). Similar spectral 

signatures are also recorded when Ce(IV) ions are added to the chalcopyrite NCs (Figure 3.6c), 

where the DR loses intensity as Ce(IV) ions are progressively added. However, in this case, the 

significantly stronger oxidizing nature of Ce(IV) affects the NCs adversely as their concentration 

in solution increases, eventually leading to complete dissolution of the NCs.  



 

 

Figure 3.6. Evolution of the extinction spectra of chalcopyrite-phase CuFeS2 NCs dispersed in 

chloroform during stepwise addition of (a) Cu(II), (b) Cu(I), and (c) Ce(IV) solutions in methanol. 

Spectral artifacts caused by the absorption bands of the methanol solvent are marked by asterisks. 

(d) Extinction spectra and (e) XRD patterns of chalcopyrite NCs oxidized to different extents by 

Cu(II) ions. Red, black, and green curves correspond to the as-synthesized, partially oxidized, and 

fully oxidized samples, respectively. Database powder XRD patterns for chalcopyrite CuFeS2 

(PDF #00-037-0471; red lines), bornite Cu5FeS4 (PDF #98-000-6587; black lines), and digenite 

Cu9S5 (PDF #01-089-2072; green lines) are included for reference. Representative TEM images 

of (f) as-synthesized and (g) fully oxidized NCs, with corresponding photographs of the NC 

dispersions included as insets. 

 

A deeper understanding of the DR in ternary Cu-Fe-S NCs was gained through analysis of 

the changes in the optical and structural properties of chalcopyrite NCs upon progressive addition 

of Cu(II) ions (Figure 3.6, panels d, e, and f). The spectral responses for three samples at different 

stages of oxidation by Cu(II) ions are shown in Figure 3.6d. The as-synthesized (red curve) NCs 

exhibit the prominent DR at 490 nm, while the fully oxidized (green curve) NCs have a distinct 



 

LSPR signature, and the partially oxidized (black curve) NCs display spectral responses midway 

between these extreme cases – i.e., both DR and LSPR signatures are evident on the black curve. 

These NCs were further analyzed by way of XRD measurements (Figure 3.6e), and the diffraction 

pattern of the as-synthesized NCs matches with that of the bulk chalcopyrite powder XRD pattern. 

For the fully oxidized NCs, the diffraction pattern shows a mixture between the Fe-deficient 

bornite Cu-Fe-S phase (Cu5FeS4) and the Cu-deficient digenite Cu-S phase (Cu9S5). This 

occurrence of mixed phases in the oxidized NCs is not a surprise, since natural digenite always 

contains a small amount of iron and is considered to be stable only in the Cu-Fe-S system.55 The 

Fe-deficiency clearly indicates Fe expulsion from the NC lattice and was further corroborated 

using elemental analysis on the oxidized NCs. These NCs were washed (by adding an anti-solvent 

like methanol), and the precipitate and supernatant were carefully collected for ICP-OES 

measurements. As demonstrated earlier for the bornite NCs, larger amounts of iron were detected 

in the supernatant, while the precipitate was found to be rich in copper and sulfur, confirming Fe-

expulsion from the NC lattice. The oxidation is also visually discernible, as the color of the NC 

dispersion changes from purple (Figure 3.6f) to green (Figure 3.6g) upon oxidation. This 

controlled oxidation does not affect the morphology of these NCs, as can be appreciated from the 

TEM images in Figure 3.6 panels f and g, and hence size- and shape-related factors do not 

influence the observed spectral changes.  

The occurrence of mixed phases (Cu-Fe-S and Cu-S) in the oxidized NCs clearly explains 

the observation of both DR and LSPR in these systems. In fact, this is the reason why the fully 

oxidized NCs still show some remnant DR signature at 490 nm for both bornite (Figure 3.5) and 

chalcopyrite NCs (Figure 3.6). One important distinction between the DR and LSPR signatures 

can be drawn from the oxidation experiments of the chalcopyrite NCs described above – while the 



 

intensity of both these spectral signatures were dependent on the level of oxidation, the position 

of the DR did not change during oxidative transformation, whereas the position of the LSPR did 

shift. This represents an important insight into the fundamental distinction between these two 

spectral processes – namely, that the DR in Cu-Fe-S NCs simply arises due to the unique band 

structure of the material and not due to vacancy doping, as is the norm in NCs of binary Cu-S 

phases. The LSPR signature in heavily doped semiconductor NCs, like that of vacancy-doped Cu-

S NCs, is highly dependent on their charge carrier density.56-58 Thus, both the position and intensity 

of the LSPR band is sensitive to oxidation and reduction of the NCs.48-49, 56-58 For instance, the 

oxidation of copper chalcogenide NCs is expected to result in a blue-shifted and intensified LSPR 

band due to the increase in the concentration of free charge carriers (holes) by introduction of 

copper vacancies,43-44, 48-49 as is also evident in this case. However, the peak position of the DR at 

490 nm in the CuFeS2 NCs remains unchanged upon oxidation, even after transformation of the 

crystal structure from chalcopyrite to bornite, while its intensity is strongly suppressed. This result, 

which is not in accordance with other LSPR studies on copper chalcogenide NCs,43-45, 48 validates 

that the 490-nm extinction peak in chalcopyrite NCs is not attributable to collective oscillations of 

free charge carriers. It is rather a consequence of the quasi-static DR arising from an intermediate 

Fe d-band, and hence the intensity of this band decreases as Fe atoms are expelled from the NC 

lattice.  

 

3.3 SUMMARY AND CONCLUSIONS 

In summary, we have described a halide-assisted colloidal hot-injection synthesis of 

bornite NCs, which afforded both a monodisperse size distribution and compositional control, thus 

enabling comprehensive investigations into the influence of Fe content on the electronic structure 



 

and optical characteristics of ternary Cu-Fe-S nanomaterials. The Fe content in these bornite NCs 

was varied from 4.1 to 12.5%, giving rise to two fundamentally different types of resonant 

excitation, with a high Fe content inducing a strong quasi-static DR extinction band centered at 

490 nm, and lower-Fe-content bornite NCs exhibiting a cation-vacancy-induced LSPR signature. 

Moreover, it was also demonstrated that DRs in these ternary copper iron sulfide NCs can be 

modulated through active manipulation of their Fe content via oxidative methods. The tunability 

of the optical responses from DR to LSPR via the oxidative removal of Fe from the NCs was 

investigated in detail, proving that the presence of Fe in these NCs is closely tied to the occurrence 

of the IB in their electronic structure that enables a Frölich resonance condition in the visible 

frequency regime. These investigations entailed close monitoring of NC stoichiometry through 

elemental analysis and further confirmation by DFT calculations showing an associated increase 

in contribution to the density of states in the IB as the Fe content was increased, with HAADF-

STEM elemental mapping and XRD measurements confirming that modulation of the optical 

response from a visible-frequency DR to a NIR LSPR can be attributed to the selective oxidation 

and expulsion of iron from the material. Interestingly, since both transitions occur in the visible-

NIR region, they are visually discernible with the 490-nm (2.53 eV) DR inducing a purple color 

and the 1000-nm (1.24 eV) LSPR imparting a green color to the NC dispersion.  

A similar set of transformations were observed when chalcopyrite NCs were subjected to 

the influence of oxidizing agents and added ions. While the as-synthesized chalcopyrite NCs 

exhibited the intense DR at 490 nm, strongly oxidizing conditions led to its evolution into a NIR 

LSPR, yielding further generality to the notion that the DR observed in nanoscale Cu-Fe-S systems 

is primarily due to the presence of the intermediate Fe d-band, and hence in turn, on the level of 

Fe incorporation in the material. The results presented here on these two Cu-Fe-S NC systems 



 

conclusively establish that the observed DR in these systems is indeed due to their unique band 

structure with the Fe IB positioned just above the VB edge, enabling a negative real permittivity 

in the visible region. Overall, this yields a deeper understanding of the optoelectronic 

characteristics of ternary copper-iron-sulfide NCs and demonstrates a pathway for optical 

modulation in these NCs, which in turn has ramifications for the development of material systems 

with complex dynamic optical response.  

 

3.4 EXPERIMENTAL DETAILS 

Materials: Copper (I) chloride (CuCl, 99.995%), Copper (II) chloride (CuCl2, 97%), iron (III) 

chloride (FeCl3, 97%), Sodium chloride (NaCl, ≥99.0%), Tetrakis(acetonitrile)copper(I) 

hexafluorophosphate (TACF, [Cu(CH3CN)4]PF6, 97%), trioctylphosphine oxide (TOPO, 90%), 

oleylamine (OAM, ≥98%), oleic acid (OA, 90%), 1-octadecene (ODE, 90%), cerium (IV) 

ammonium nitrate (CAN, (NH4)2Ce(NO3)6, ≥99.99%), and chloroform (anhydrous, ≥99%) were 

purchased from Sigma-Aldrich. Bis(trimethylsilyl)sulfide (S(Si(CH3)3)2, 95%), and ethanol 

(anhydrous, 200 proof, ≥99.5%) were obtained from Acros Organics. Methanol (Certified ACS) 

was purchased from Fisher Scientific. All chemicals were used as received without further 

purification.  

Synthesis of bornite NCs: All synthetic endeavors were carried out using standard Schlenk line 

techniques aided by a nitrogen-filled glove box. In a typical synthesis, 0.8 mmol of copper (II) 

chloride (108 mg) and varying amounts of iron (III) chloride at a specified molar ratio (1:0.5, 

1:0.75, 1:1, and 1:1.25) were mixed with different amounts of sodium chloride (between 0.6 and 

1.8 mmol), 100 mg of TOPO, 1.2 mL of OAM, 1.2 mL of OA, and 5 mL of ODE in a three-neck 

round bottom flask. The mixture was heated to 100°C and degassed under vacuum for 1 h with 



 

vigorous stirring. Then, the flask was heated to 240°C under nitrogen atmosphere and maintained 

at this temperature for 1 hour. Meanwhile, a sulfur precursor solution was prepared in a glove box 

by diluting 275 µL of bis(trimethylsilyl)sulfide with 1.23 mL of ODE. Afterwards, 1.5 mL of the 

sulfur precursor solution was rapidly injected into the reaction flask containing the copper and iron 

precursors at 240°C. The reaction temperature decreased to 225°C after the injection. The reaction 

proceeded at this temperature for 90 seconds, and then the flask was removed from the heating 

mantle to decrease the temperature to 50°C. In order to prevent solidification, 10 mL of anhydrous 

chloroform were added into the solution at 50°C. The NCs were washed by the addition of 7.5 mL 

of ethanol, followed by centrifugation at 6000 rpm (4200 RCF) for 10 minutes. Finally, the NCs 

were dispersed in 5 mL of anhydrous chloroform and centrifuged at 1500 rpm (260 RCF) for 1 

minute to remove any poorly stabilized nanocrystals. 

Synthesis of chalcopyrite NCs: This synthesis was performed using a modified version of the 

method previously reported by Ghosh et al.5 In a three-neck round bottom flask, 0.4 mmol of 

copper (I) chloride (40 mg) and 0.8 mmol of iron (III) chloride (130 mg) were mixed with 100 mg 

of TOPO, 1.2 mL of OAM, 1.2 mL of OA, and 5 mL of ODE. The reaction mixture was degassed 

at 100°C for 1 hour under vacuum with vigorous stirring. Thereafter, the reaction mixture was 

heated to 240°C under nitrogen atmosphere. At this temperature, 225 µL of 

bis(trimethylsilyl)sulfide in 1 mL of ODE were rapidly injected into the flask, and the mixture was 

allowed to react at 220°C for 30 minutes. Subsequently, the flask was cooled to room temperature 

by removing the heating mantle and then 10 mL of chloroform were added at 50°C to prevent 

solidification of the reaction mixture. The final CuFeS2 nanocrystals were purified by adding 9 mL 

of ethanol, followed by centrifugation at 6000 rpm (4200 RCF) for 10 minutes. Finally, the 



 

resulting precipitate was dispersed in 5 mL of chloroform, and centrifuged again at 1500 rpm (260 

RCF) for 1 minute to isolate any poorly stabilized nanocrystals. 

Chemical modification of the chalcopyrite CuFeS2 NCs: These experiments involved the 

preparation of samples in a nitrogen-filled glove box, and then subsequent measurement of spectra 

in 3-mL screw-capped cuvettes. The NCs were carefully handled in this inert atmosphere in order 

to avoid any potential effects of air exposure (n.b. the post-synthesis NC purification steps and 

subsequent ion additions were all performed inside the glove box). A typical experiment involved 

stepwise addition of oxidizing agents and ions directly to a cuvette containing 3 mL of CuFeS2 

NCs dispersed in chloroform, followed by measurement of extinction spectra after a 5-minute wait 

time in order to let the reaction complete prior to the next addition. The oxidizing agents (CAN 

and CuCl2) and ions (Cu(I) complex, TACF) were prepared at a 0.01 M concentration in methanol 

and added in 10 µL increments. Low-volume additions were used to minimize the antisolvent 

effect of methanol on the NC solutions and avoid the effects of aggregation on the recorded spectra.  

Computational details. Density functional theory (DFT) calculations were carried out using the 

Vienna ab initio simulation (VASP) package. Three different Cu-Fe-S materials of varying Fe 

concentration (Cu2FeS2, Cu9Fe3S8, and Cu5FeS4) were modeled by taking a supercell approach 

composed of eight unit-cells in a 2x2x2 expansion. The lattice constant of the cubic supercell was 

set as 10.95 Å.59 Norm-conserving pseudopotentials60-61 and unrestricted PBE+U62-63 were used in 

VASP.64-67 A cutoff energy of 500 eV was used for the plane-wave basis. The atomic positions 

were optimized while keeping the lattice constant fixed on a 2x2x2 Monkhorst-Pack k-point mesh 

of the Brillouin zone.68 A 6x6x6 k-point mesh was used for a subsequent density of states 

calculation. Further details can be found in the Supporting Information. 



 

Transmission Electron Microscopy (TEM) analysis. Samples were prepared by dropping 15 µL 

of a dilute NC dispersion in chloroform on carbon-coated 200-mesh nickel TEM grids (Electron 

Microscopy Sciences). HRTEM, HAADF-STEM imaging, and EDXS analyses were performed 

at an accelerating voltage of 200 kV using a FEI Tecnai G2 F20 TEM equipped with an energy-

dispersive X-ray spectroscopy detector (EDAX Element Silicon Drift Detector). 

X-ray diffraction (XRD) analysis. Data collection was carried out using a Bruker D8 Discover 

diffractometer to determine the crystal structure of the materials. Samples were prepared by drop-

casting concentrated NC dispersions onto a silicon substrate. XRD patterns were recorded using a 

Cu Kα X-ray source operating at 50 kV and 1000 µA.  

Steady-state UV-vis-NIR extinction spectroscopy. Spectra of all NC dispersions were measured 

in a 1-cm-path-length quartz cuvette (Spectrocell) using either Varian Cary 60 UV-vis or Varian 

Cary 5000 UV-vis-NIR spectrophotometers.  

Elemental analysis. Concentrations of copper, iron, and sulfur were determined by ICP-OES 

using a Perkin Elmer Optima 8300. NCs were digested in aqua regia prepared from ultrapure nitric 

acid and hydrochloric acid in a 1:3 volume ratio. Once digestion was complete overnight, samples 

were diluted using (18.2 MΩ) deionized water. Calibrations were performed using multi-element 

VII and sulfur ICP-OES standards obtained from EMD Millipore and Sigma-Aldrich, respectively.  
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Chapter 4. PHASE-CONTROLLED SYNTHESIS AND QUASI-

STATIC DIELECTRIC RESONANCES IN SILVER IRON SULFIDE 

(AGFES2) NANOCRYSTALS 

4.1 INTRODUCTION 

Ternary I-III-VI2 metal chalcogenide semiconductors have been widely studied over the past 

few decades for a variety of applications, including photovoltaic devices,1-3 photocatalysis,4-5 light-

emitting diodes,6-8 and biomedical diagnostics,9-11 because of their versatile optical properties, 

earth abundance, and low toxicity.12-15 The typical representative of the I-III-VI2 family is the 

ternary, copper-based chalcogenide system.16-18 As an example, copper indium sulfide (CuInS2) 

shows particular promise in solar energy conversion applications due to its large absorption cross 

section, robust photostability, and a direct band gap (Eg ≈ 1.5 eV) that matches well with the solar 

spectrum.17-19 Copper iron sulfide (CuFeS2) is another important member of the I-III-VI2 ternary 

semiconductors that has recently attracted considerable attention owing to its unique optical 

properties that exhibit a pronounced “plasmon-like” resonant absorption in the visible region, 

similar to that observed in metal nanocrystals (NCs).20-22 Previous studies have shown that a strong 

intermediate band (IB) of states generated by empty Fe 3d orbitals in chalcopyrite CuFeS2 NCs 

can lead to a negative permittivity in the visible region, thus enabling the occurrence of a visible-

frequency, quasi-static dielectric resonance (DR).21, 23 

Recently, several theoretical and experimental investigations have been devoted to both 

further understanding and practical exploitation of DR properties in IB semiconductors.21-25 For 

example, Liu et al. showed the DR nature of copper vanadium sulfide (Cu3VS4) NCs on the basis 

of their unique spectral properties and dynamics studied using transient absorption (TA) 

spectroscopy.24 To date, however, the DR has received limited attention and is rarely reported in 



 

literature. Moreover, due to the similarity between the resultant optical characteristics of an IB-

enabled DR and a localized surface plasmon resonance (LSPR), IB-enabled DRs have often been 

misidentified as a classic LSPR excitation.20, 25 A better understanding of the DR properties of IB 

semiconductors is necessary to fully realize their potential applications. This has motivated us to 

study DRs in other NC systems, in this case for silver iron sulfide (AgFeS2), which is likely to 

exhibit DR characteristics since it possesses an IB semiconductor electronic structure similar to 

that of CuFeS2.
21, 26-27  

In this work, a facile hot-injection method for the phase-controlled synthesis of colloidal 

AgFeS2 NCs was developed to gain additional insight into the unique optical properties of IB 

semiconductor NCs. We show that the crystallographic phase of the AgFeS2 NCs can be tuned 

from the thermodynamically stable tetragonal phase to the metastable orthorhombic phase by 

simply adjusting the amounts of a mixed surfactants (oleic acid and oleylamine). In addition, 

systematic investigations demonstrate how the concentration of oleic acid (OA) and oleylamine 

(OAM) affects the crystal structure of the resulting AgFeS2 NCs. Moreover, we provide a detailed 

study of the optical characteristics of AgFeS2 NCs, which shows that the main absorption band is 

attributed to an IB-enabled DR. In analogy to the optical features of CuFeS2, AgFeS2 NCs exhibit 

resonant absorption in the ultraviolet-visible (UV-vis) spectral region and a broad shoulder in the 

near-infrared (NIR). Spectroscopic studies coupled with computational calculations demonstrate 

that the absorption peaks in the UV-vis and NIR are attributed to the occurrence of a UV-vis-

frequency, IB-enabled DR and lower-energy, off-resonant excitonic transitions from the valence 

band (VB) to the IB, respectively. 

  



 

4.2 RESULTS AND DISCUSSION 

It is well-known that ternary I-III-VI2 semiconductors have temperature-dependent 

crystalline polymorphs, including tetragonal, cubic, hexagonal, and orthorhombic phases.28-32 In 

general, ternary I-III-VI2 semiconductor compounds are found to crystallize in two types of 

cation-ordered crystalline phases: the thermodynamically stable tetragonal/chalcopyrite phase 

and the metastable orthorhombic phase, which are regarded as superstructures of cubic 

zincblende and hexagonal wurtzite, respectively.4, 32-35 AgFeS2, which is a member of the ternary 

I-III-VI2 semiconductors, can also exist in two forms: either the tetragonal or orthorhombic phase 

(Figure B.1). Here, colloidal AgFeS2 NCs were synthesized via a hot-injection route, where a 

sulfur precursor solution (elemental sulfur dissolved in OAM) was rapidly injected into a hot 

reaction solution of silver(I) nitrate and iron(III) acetylacetonate in a mixture of dioctyl ether, 

OA, and OAM.  

As shown in Figure 4.1a, the X-ray diffraction (XRD) patterns of a series of samples 

synthesized using different OA and OAM concentrations clearly show the effect that the 

amounts of the mixed surfactants has on the phase of the AgFeS2 NCs. For NCs synthesized in 

the presence of 12.8 mmol of OA/OAM, all of the observed diffraction peaks match the expected 

positions for tetragonal phase AgFeS2 (Lenaite, PDF# 04-013-1184). In addition, it was found 

that the strongest characteristic peak of tetragonal AgFeS2 slightly shifts to lower diffraction 

angle with decreasing OA and OAM concentration. Moreover, upon decreasing the 

concentration of the mixed surfactants, additional peaks emerge at lower diffraction angles, 

which correspond to the expected reflection positions for the orthorhombic phase of a I-III-VI2 

material,30-31, 33-36 suggesting the structural evolution from tetragonal phase to orthorhombic 

phase AgFeS2 NCs. 



 

 

Figure 4.1. (a) XRD patterns of silver-iron-sulfide NCs synthesized with varying amounts of 

OA/OAM: (i) 12.8 mmol, (ii) 3.2 mmol, (iii) 0.8 mmol, and (iv) 0.4 mmol. Simulated XRD 

patterns of the orthorhombic phase and the standard diffraction peaks of the tetragonal phase 

AgFeS2 (PDF# 04-013-1184) are shown for reference on the bottom and the top, respectively. 

TEM and HR-TEM images of representative (b, c) tetragonal and (d, e) orthorhombic phase 

AgFeS2 NCs synthesized in the presence of 12.8 mmol and 0.4 mmol of OA/OAM, respectively. 

The inset shows an indexed fast Fourier transform (FFT) of an individual NC. 

 

To verify the crystal structure of the sample synthesized with low amounts of OA and 

OAM, we simulated the diffraction pattern of orthorhombic AgFeS2 by using lattice parameters 

reported in a previous study (where the lattice constants are 𝑎 = 6.56 Å, 𝑏 = 7.87 Å , and 𝑐 =

6.43 Å).37 A comparison between the simulated XRD pattern and the experimental results 

indicates that the experimental XRD pattern is in good agreement with the expected pattern for 

orthorhombic-phase AgFeS2. Although there were some differences in intensity between the 

simulated and experimental diffraction patterns, no characteristics peaks of binary impurities 



 

such as silver sulfide or iron sulfide were observed. The crystal structure of the resulting AgFeS2 

NCs was further confirmed by high-resolution transmission electron microscopy (HR-TEM) and 

the associate fast Fourier transform (FFT). The clear lattice fringes with interplanar spacings of 

0.28 nm and 0.32 nm observed in the HR-TEM images (Figure 4.1, panels c and e) correspond 

to the (002) planes of tetragonal and orthorhombic phase AgFeS2, respectively. Moreover, the 

corresponding FFT patterns also verify the formation of two different phases of AgFeS2 NCs, 

which is consistent with the XRD results. 

The chemical composition of the tetragonal and orthorhombic phase AgFeS2 NCs was also 

evaluated to check for any significant differences between the samples. Energy-dispersive X-ray 

spectroscopy (EDXS) measurements of both phases of AgFeS2 NCs reveal that the stoichiometric 

ratio of Ag:Fe:S is close to 1:1:2 (Table B1). While similar chemical composition is observed, 

TEM images clearly show the changes in size and morphology of the tetragonal and orthorhombic 

phase AgFeS2 NCs. The tetragonal-phase AgFeS2 NCs exhibit a quasi-spherical shape and 

relatively small particle size distributions, whereas the orthorhombic-phase AgFeS2 NCs are more 

irregularly shaped and polydisperse with an increase in the average size, likely due to a reduction 

in the concentration of surfactants. 

 

Growth mechanism of AgFeS2 NCs 

To rationalize the mechanism that directs the resultant phase of the NCs in this system, we 

first collected a series of aliquots for both representative tetragonal and orthorhombic phase 

AgFeS2 NCs (when 12.8 mmol and 0.4 mmol of the mixed surfactants were used, respectively). 

Six aliquots were taken from the reaction mixture at different time intervals, with the first aliquot 

collected when the system had reached the target reaction temperature, but prior to injection of 



 

the sulfur precursor solution, and the remainder being collected after the injection of the 

chalcogen source. Figure 4.2 shows the phase evolution of the AgFeS2 NCs, which was 

evaluated by collecting XRD patterns and UV-vis spectra of each aliquot. Interestingly, XRD 

analysis indicates that AgFeS2 NC formation occurs in discrete steps, beginning with the initial 

formation of silver NC seeds for both of the resultant tetragonal and orthorhombic phase 

products. UV-vis spectra collected from the aliquots of each reaction provide additional 

confirmation of the presence of silver NCs prior to the injection of sulfur precursor solution by 

the strong Ag-NC LSPR extinction feature in the visible region (Figure 4.2, panels b and d). It is 

also important to note that that evolution of the characteristic absorption peak of the 

orthorhombic-phase AgFeS2 NCs occurs much faster than that of the tetragonal phase. This 

observation implies that the formation of the metastable orthorhombic phase AgFeS2 is likely 

due to conditions that favor faster reaction kinetics. 



 

 

Figure 4.2. Time series of aliquots showing the formation of (a, b) tetragonal and (c, d) 

orthorhombic phase AgFeS2 NCs monitored using XRD and UV-vis spectroscopy. 

 

Role of oleic acid and oleylamine  

In addition to the time series discussed above, several control experiments were carried out 

to elucidate the effect of OA/OAM concentration and its role in the phase determination of the 

AgFeS2 NCs. For this purpose, AgFeS2 NCs were synthesized in the absence of OA or OAM with 

varying concentrations (Figure B.6). Interestingly, when OAM is utilized as the only surfactant, 

we find that orthorhombic-phase AgFeS2 NCs are obtained, irrespective of changes in the 



 

surfactant concentration. In contrast, control experiments in which OA was used as the sole ligand 

in the synthesis revealed that AgFeS2 NCs undergo a transition from orthorhombic to tetragonal 

phase with increasing OA concentration. This suggests that OA plays a major role in determining 

the crystal phase of the final product. However, it should be noted that the presence of OAM 

decreases the amount of OA that is required to form tetragonal phase AgFeS2 NCs. Remarkably, 

if OA is used in combination with OAM, the concentration of OA required to trigger a phase 

change of the resulting AgFeS2 NC product is reduced by more than 87.5% relative to the case of 

using OA alone. 

It is well known that coordinating ligands have a great impact on precursor conversion and 

the reactivity of monomers in the synthesis of colloidal NCs.38-43 In particular, OA is known to 

effectively coordinate to metal ions, and changing the concentration of OA in the reaction solution 

can greatly affect NC growth kinetics.40-44 On the basis of the experimental results presented 

above, it is likely that the added excess oleic acid decreases the reactivity of the monomers, thus 

slowly converting the Ag NC seeds into the thermodynamically preferred tetragonal AgFeS2 phase 

due to the reduced reaction kinetics. This is supported by a comparison with literature showing 

that NC growth kinetics are an important factor in guiding the preferential formation of metastable 

phases of binary, ternary, and quaternary metal chalcogenide NCs.45-47 



 

 

Figure 4.3. XRD patterns of AgFeS2 NCs synthesized with different molar ratios of the mixed 

surfactants (OA+OAM) to the iron precursor by increasing the amount of Fe(acac)3 while keeping 

the concentration of OA/OAM unchanged (3.2 mmol). 

 

To test this further, we conducted another set of control experiments in which AgFeS2 NCs 

were synthesized by adjusting the quantity of iron precursor while keeping the amount of 

OA/OAM fixed (Figure 4.3). In this framework, it is more appropriate to parametrize the results 

in terms of the molar ratio of surfactants to iron precursor (Nsurfactants/NFe), as opposed to the 

concentration of surfactants. Changing the molar ratio of surfactants to iron precursor indicated 

that a decrease in the molar ratio of Nsurfactants/NFe could also aid in the formation of the metastable 

orthorhombic-phase AgFeS2 NCs. This suggests that addition of the iron precursor further 

facilitates the growth of AgFeS2 NCs, which in turn facilitates a kinetically favored reaction. 

Therefore, it can be concluded that the crystal phase of the final AgFeS2 product is dictated by 

controlling the growth rate of the NCs. 



 

Moreover, in this respect, a possible OA/OAM cooperative effect in the final crystal structure 

of AgFeS2 NCs can be explained by considering the adjuvant role of OAM in promoting the 

deprotonation of OA.48-50 Negatively charged, deprotonated carboxylate anions (𝐶17𝐻33𝐶𝑂𝑂𝐻−), 

which possess considerable electron-donating ability in the reaction system,48-50 could then 

effectively inhibit rapid AgFeS2 NC growth by strong chemical bonding to both the precursors and 

the NCs. Therefore, when OA and OAM were used equimolarly as a mixture of surfactants, the 

thermodynamically favored tetragonal phase AgFeS2 NCs could be preferentially synthesized with 

only a small amount of OA. Finally, Figure 4.4 schematically depicts the phase-selective growth 

mechanism of AgFeS2 NCs with varying concentrations of OA/OAM. 

 

          

Figure 4.4. A schematic illustration of the phase-controlled synthesis of tetragonal and 

orthorhombic AgFeS2 NCs, depending on the concentration of OA/OAM. 

 

 

 



 

Optical properties of AgFeS2 NCs 

Figure 4.5a shows the UV-vis-NIR extinction spectra of the tetragonal and orthorhombic 

phase AgFeS2 NCs. Both phases of AgFeS2 NCs exhibit a distinct, intense absorption peak at 380 

nm, along with broad absorption in the NIR region, which is analogous to what is observed in 

chalcopyrite CuFeS2 NCs. As discussed in the introduction, it has been demonstrated that the 

occurrence of visible-frequency DRs in ternary Cu-Fe-S systems is attributed to a negative 

permittivity in the visible range, resulting in resonant, IB-enabled excitations.21, 26-27 Considering 

that AgFeS2 is known to be an IB semiconductor, the spectral similarities with CuFeS2 NCs imply 

that the strong extinction features of AgFeS2 NCs could also be due to resonant absorption enabled 

by the occurrence of an IB-enabled DR. 

 To identify the nature of the resonant extinction features observed in AgFeS2 NCs, we 

investigated the influence of the dielectric permittivity of the medium surrounding the NCs on the 

position of the observed absorption peak (Figure B.5). The results clearly show that the maximum 

absorption peak of both phases of AgFeS2 NCs continuously redshifts with an increasing solvent 

refractive index, as expected for the characteristics of either an IB-enabled DR or an LSPR, due to 

the related shifts in the Frölich resonance frequency that occur with increases to the permittivity 

of the surrounding medium.21, 23 Although the resultant extinction features of an IB-enabled DR 

appear similar in nature to the typical resonance features of plasmonic NCs, it should be noted that 

absorption through an IB-enabled DR occurs via resonant VB-IB excitation, as opposed to the  

resonant excitation of the free charge carriers present in materials that exhibit LSPRs. Since 

AgFeS2 NCs are all-dielectric in nature and have no ground-state free charge carriers to support 

an LSPR, it is thus inferred that the strong absorption peak of AgFeS2 NCs arises from excitation 



 

of an IB-enabled, quasi-static DR. This interpretation is also supported by the immediate 

disappearance of the Ag NC seed LSPR upon injection of the sulfur precursor. 

 

Figure 4.5. (a) UV-vis-NIR extinction spectra of the as-synthesized tetragonal and orthorhombic 

phase AgFeS2 NCs dispersed in chloroform, in comparison with colloidal chalcopyrite CuFeS2 

NCs. (b, d) Transient absorption spectra of tetragonal and orthorhombic phase AgFeS2 NCs at 

different time delays after photoexcitation by 365 nm pump pulses. (c, e) Decay dynamics of 

tetragonal and (d) orthorhombic phase AgFeS2 NCs at 390 nm. 

 

 Further analysis of the optoelectronic characteristics of the AgFeS2 NCs was performed 

using transient absorption (TA) measurements (See Appendix B for details). TA spectra of 

tetragonal and orthorhombic phase AgFeS2 NCs after photoexcitation at 365 nm show similar 

spectroscopic features as those observed in CuFeS2 IB NCs: A strong bleach signature at around 

390 nm, which is in-line with the spectral range of the DR, and a broad photoinduced absorption 

at longer wavelengths. The time-dependent evolution of the TA spectra further highlights this 



 

analogy (Figure 4.5, panels b and d). Moreover, analogous with the DR relaxation dynamics of 

CuFeS2 NCs, the decay dynamics of AgFeS2 NCs at the bleach maximum are well described by a 

biexponential fit with a fast decay within the first few picoseconds followed by a slower decay on 

the time scale of several tens of picoseconds.21 Given the similarity between the TA features of 

AgFeS2 and CuFeS2 NCs, the bleach is attributable to the excitation-induced damping and 

broadening of the DR caused by scattering between the photoexcited charge carriers with phonons 

and defects.21 In addition, the photoinduced absorption feature on the lower energy side of the DR 

bleach can be ascribed to further interband transitions from the IB to the conduction band (CB).51 

 

Figure 4.6. Computed DOS of tetragonal/chalcopyrite AgFeS2 and CuFeS2. Green, yellow, blue, 

and red lines correspond to the projection of the DOS on the Ag, Fe, S, and Cu atoms, respectively. 

(b) Schematic diagram of the band structure of AgFeS2 and CuFeS2. (c) Comparison of the 

calculated real component of the permittivity for AgFeS2 and CuFeS2. 

 

Despite the similarity between the optical properties of AgFeS2 and CuFeS2 NCs, it should 

be noted the peak absorption features occur at significantly higher energies in the AgFeS2 NC 



 

system. As pointed out by Gaspari et al., previous computational work showed that the dielectric 

responses of IB semiconductors should be strongly influenced by the position of the IB within the 

VB-CB gap.21 Thus, the observed shift in spectral features to higher energies can likely be 

attributed to changes in the dielectric function that result from the electronic structure of AgFeS2. 

To gain more insight into the observed DR absorption and further interpret the UV-vis-NIR 

measurements, the electronic structure of tetragonal and orthorhombic phase AgFeS2 were 

investigated using density functional theory (DFT) calculations (Figure 4.6a).  

By comparison of the calculated electronic structures for chalcopyrite/tetragonal phase 

CuFeS2 and AgFeS2, it can be seen that the distance between the VB and IB increases from 0.53 

eV for CuFeS2 to 0.83 eV for AgFeS2. Moreover, computational calculations of the real component 

of the permittivity for each system clearly indicates that the region of negative permittivity indeed 

shifts to higher energy as a result of the change in separation between the VB and IB (Figure 4.6c). 

Thus, the resulting blue-shift of the DR band to higher energy for the AgFeS2 NC system is 

consistent with previous theoretical understanding.23 Taken together with the observed 

spectroscopic data, the computational calculations further confirm the nature of the IB-enabled DR 

excitation in AgFeS2 NCs. 

 

4.3 SUMMARY AND CONCLUSIONS 

In summary, we have investigated the phase-controlled synthesis and resonant optical 

characteristics of AgFeS2 IB semiconductor NCs. It was found that the concentration of 

coordinating ligands plays a significant role in determining the final crystal structure of the AgFeS2 

NCs. Comprehensive mechanistic studies reveal that increasing concentrations of the mixed OA 

and OAM coordinating surfactants in the reaction solution result in decreased precursor reactivity, 



 

resulting in the formation of the thermodynamically favored tetragonal phase AgFeS2. 

Additionally, control experiments conducted using solely OA or OAM as the ligand provided 

additional insight into their individual roles in the phase-controlled synthesis of AgFeS2.  

Moreover, it was also demonstrated that AgFeS2 NCs exhibit a strong quasi-static DR 

extinction band centered at 380 nm, and a weaker absorption onset in the NIR region that occurs 

due to off-resonant interband transitions from the VB to the IB, in analogy to what has been 

observed in chalcopyrite copper iron sulfide NCs. TA measurements along with DFT calculations 

showed that the strong optical resonance in AgFeS2 NCs is attributed to the occurrence of a DR 

enabled by a negative permittivity in the UV-vis range that results from the unique IB electronic 

structure of the material. In addition to expanding the current library of IB semiconductor NCs that 

exhibit DR excitation, our study constitutes the first combined experimental-computational 

demonstration showing how the IB electronic structure effects shifts in the DR frequency. Overall, 

these findings shed more light on the DR characteristics of ternary metal iron sulfide NCs, which 

may serve as important insight for future applications of these materials. 

 

4.4 EXPERIMENTAL DETAILS 

Materials 

Silver nitrate (AgNO3, 99.9999%), copper (I) iodide (CuI, 99.999%), iron (III) acetylacetonate 

(Fe(acac)3, ≥ 99.9%), sulfur powder (S, 99.998%), Dioctyl ether (99%), oleylamine (OAM, 

≥98%), oleic acid (OA, 90%), and chloroform (anhydrous, ≥99%) were obtained from Sigma-

Aldrich. 2-propanol (Certified ACS Plus), and methanol (certified ACS) were obtained from 

Fisher Scientific. Ethanol (anhydrous, 200 proof, ≥99.5%) were purchased from Decon 

Laboratories. All chemicals were used as received without further purification. 



 

Preparation of Oleylamine-Sulfur precursor complex 

Sulfur precursor solution was prepared by dissolving 2 mmol of S powder (64 mg) in 2.5 mL of 

OAM at 120°C for 30min under nitrogen atmosphere. The solution was then cooled to 50°C for 

further use. 

Synthesis of Silver Iron Sulfide (AgFeS2) NCs 

Silver iron sulfide NCs were synthesized following some modifications of a previous reported 

protocol.37 In a typical procedure, 0.1 mmol of silver nitrate (17 mg) and 0.1 mmol of iron (III) 

acetylacetonate (35.3 mg) were mixed with 10 mL of dioctyl ether, and varying amounts of oleic 

aicd and oleylamine (between 0.4 and 12.8 mmol)  in a three neck round bottom flask. The reaction 

mixture was degassed at 90°C for 1hr under vacuum with vigorous stirring. After degassing, the 

reaction mixture was heated to 180°C under nitrogen atmosphere. Subsequently, 0.5 mL of the 

0.8M OAm-S precursor solution was rapidly injected, and the mixture was allowed to react at 

180°C for 30min. Then, the flask was cooled down to room temperature by removing the heating 

mantle. The final AgFeS2 Nanocrystals were precipitated by adding 10mL of isopropanol and 5mL 

of methanol, followed by centrifugation at 6,000 rpm (4200 RCF) for 10min. Finally, the resultant 

precipitate was dispersed in 5mL of chloroform, and washed twice with chloroform and ethanol to 

clean the sample thoroughly. 

Synthesis of Chalcopyrite Copper Iron Sulfide (CuFeS2) NCs 

In a three-neck round bottom flask, 0.1 mmol of copper (I) iodide (19 mg) and 0.1 mmol of iron 

(III) acetylacetonate (35.3 mg) were mixed with 10 mL of dioctyl ether, 1.2 mL of OA, and 1.2 

mL of OAM. The reaction mixture was degassed at 90°C for 1 hour under vacuum with vigorous 

stirring. Thereafter, the reaction mixture was heated to 180°C under nitrogen atmosphere. At this 

temperature, 0.5 mL of the 0.8M OAm-S precursor solution was rapidly injected into the flask, 



 

and the mixture was allowed to react at 180°C for 30 minutes. Subsequently, the flask was cooled 

to room temperature by removing the heating mantle. The final CuFeS2 nanocrystals were purified 

by adding 10 mL of ethanol, followed by centrifugation at 6000 rpm (4200 RCF) for 10 minutes. 

Finally, the resulting precipitate was dispersed in 5 mL of chloroform. 

X-ray Diffraction (XRD) Analysis 

XRD analysis were performed using a Bruker D8 Discover diffractometer with a Cu Kα X-ray 

source operating at 50 kV and 1000 μA. XRD samples were prepared by drop-casting concentrated 

NC dispersions on a clean silicon wafer.  

Transmission Electron Microscopy (TEM) Analysis 

TEM images were taken on a FEI Tecnai G2 F20 transmission electron microscope operating at 

an accelerating voltage of 200 kV. Samples were prepared by drop-casting a diluted NC dispersion 

in chloroform onto carbon-coated 200 mesh nickel grids (Electron Microscopy Sciences). 

Additional energy dispersive X-ray spectroscopy (EDXS) was carried out using an X-ray energy-

dispersive spectroscopy detector (EDAX Element Silicon Drift Detector) to analyze the chemical 

composition of the nanocrystals.  

UV-vis-NIR Spectroscopy 

Extinction spectra of all NC dispersions were measured in a quartz cuvette (Spectrocell) with an 

optical path length of 10 mm using either Varian Cary 60 UV-vis or Varian Cary 5000 UV-vis-

NIR spectrophotometers. 

 

Transient Absorption (TA) Spectroscopy 

Transient absorption measurements were performed using the 365 nm output of an optical 

parametric amplifier (Coherent/Light Conversion OPerA Solo) that was pumped with 50 fs pulses 



 

from a 1 kHz Ti:sapphire laser system (Coherent, Libra-HE). White-light supercontinuum probe 

pulses (~200 fs) were generated by focusing a portion of the Ti:sapphire output onto a sapphire 

plate. Spectra were collected with a complementary metal-oxide semiconductor (CMOS) sensor 

and InGaAs fiber-coupled multichannel photodiode array spectrometer. The excitation energy per 

pulse was kept in the linear regime at around 320 nJ and the pump pulses were focused in a 300 

μm diameter spot. Surface Xplorer software (Ultrafast Systems) was used to collect and process 

spectra. All measurements were conducted at room temperature on the chloroform dispersions of 

AgFeS2 NCs in a 2 mm path length quartz cuvette prepared under nitrogen atmosphere. 
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Chapter 5. CONCLUSIONS AND OUTLOOK 

In this dissertation, a set of experimental and computational results has been given to 

unambiguously identify two fundamentally different modes of resonant excitation present in 

ternary metal chalcogenide nanocrystal systems. 

In Chapter 3, we investigated the iron-content-dependent optical characteristics of copper iron 

sulfide nanocrystals (NCs). After developing a protocol for the synthesis of bornite-phase copper 

iron sulfide NCs with controlled size and compositionally tunable iron content, systematic 

experimental and computational studies revealed that the presence of an intermediate band of states 

formed by empty Fe d-orbitals gives rise to the occurrence of a quasi-static dielectric resonance 

(DR) in the visible-frequency regime, analogous to the observed optical response in all-dielectric 

intermediate band chalcopyrite CuFeS2 NCs. Moreover, we demonstrated that the spectral position 

of the DR does not change while its intensity is reduced, as the iron content of ternary Cu-Fe-S 

NCs is decreased via post-synthetic oxidation, clearly differentiating this mode of resonant 

excitation from the well-known localized surface plasmon resonance (LSPR) response, which 

shifts substantially in frequency as the free-carrier concentration is modified. 

In Chapter 4, we extended these findings to the occurrence of quasi-static dielectric 

resonances in the silver iron sulfide (AgFeS2) NC system. In the silver iron sulfide system, we 

confirmed analogous behavior, where quasi-static dielectric resonances arise from a negative 

permittivity in the UV-visible region of the electromagnetic spectrum, facilitated once again by 

the distinctive electronic structure of iron-enabled intermediate band of states. Moreover, we once 

again clearly differentiated two different types of resonant excitation between an IB-enabled DR 

and an LSPR through the synthesis of AgFeS2 colloidal NCs, which occurs in discrete steps that 

begin with the formation of silver NCs. In addition, through spectroscopic studies and 



 

computational calculations, we demonstrated that the increased distance between the valence band 

and Fe-enabled intermediate band significantly blueshifts the dielectric resonance energy due to 

the changes in the total permittivity that are affected by the position of the intermediate band.  

Within this work, Fe-containing ternary metal chalcogenide intermediate band semiconductor 

nanocrystals have been identified as materials that can exhibit a DR in the UV-vis region. Overall, 

our work represents a significant step forward in a more complete understanding of the plasmonic-

like resonant optical response of intermediate band semiconductor NCs, which might lead to 

important ramifications for future applications of these materials. Considering the dielectric 

permittivity of ternary metal iron chalcogenide intermediate band semiconductor NCs, we envision 

their potential use in epsilon-near-zero photonics as a new platform to enable finer control of light-

matter interaction and enhancement of nonlinear-optical processes. To this end, an important step 

for future study will be the testing of the optical losses associated with the imaginary components 

of the material dielectric function. Moreover, another interesting future avenue of research is 

investigating the catalytic activity of ternary metal iron chalcogenide NCs in visible-light 

photocatalysis, benefiting from their low transition energies between the valence and intermediate 

band that have potential for enhanced charge separation. 

 

5.1 FUTURE WORK: SYNTHESIS OF NOVEL HETERO-NANOSTRUCTURES BY 

CATION EXCHANGE REACTION OF COPPER SULFIDE NANOCRYSTALS 

This dissertation has helped lay the groundwork for engineering resonant light-matter 

interactions in ternary metal chalcogenide intermediate band semiconductor NCs. Besides 

furthering knowledge towards their practical application, future experiments regarding the design 

of novel hetero-nanostructures (HNs) that exhibit both a visible-frequency DR and a near-infrared 



 

LSPR in a single nanocrystal system could be of great interest for broadband enhancement of light 

absorption. 

 

5.1.1 Motivation 

Multifunctional nanomaterials have attracted great attention for various applications such as 

photocatalysis,1-3 spintronics,4-5 and biomedical applications.6-8 Heterostructured NCs containing 

two or more different nanocrystal systems represent an important type of multifunctional 

nanomaterial due to their ability to provide a means of integrating multiple properties from 

different materials.9-13 Currently, the development of synthetic protocols for HNs using copper 

sulfide NCs is an active research topic due to the potential to possess both the plasmonic properties 

of non-stoichiometric copper sulfides and additional properties of other semiconductors or 

metals.14-19 For example, Lian et al. reported LSPR-induced hot-hole transfer in CdS/CuS HNs 

that show 19% charge transfer efficiencies along with long-lived 9.2 μs charge separation, 

potentially leading to developments in the photocatalyst field.14 

Moreover, the dual plasmonic properties of noble metal and copper sulfide HNs with broad-

spectrum light absorption have recently been explored for biomedical application.17-18, 20-21 

However, their synergistic effects are restricted by the different nature of the plasmonic materials 

in that the occurrence of LSPRs in copper sulfide NCs arises from resonantly excited free hole 

oscillations while LSPRs in metals are attributed to their free electrons.19, 22 In this dissertation, we 

showed that CuFeS2 NCs exhibit strong resonant light absorption and scattering in the visible 

region via a DR that originates from their distinctive electronic band structure. To solve the 

problem of damped dual plasmonic response in noble metal and copper sulfide HNs, here we 



 

propose a new class of hybrid entity composed of copper sulfide and copper iron sulfide for 

broadband enhancement of light absorption. 

 

5.1.2 Preliminary Results and Discussion 

To date, the cation exchange reaction has been widely used as a versatile tool for the synthesis 

of diverse copper sulfide HNs due to the advantage of Cu atoms that enable efficient interstitial 

diffusion and substitution of incoming cations by their high mobility at high temperature.23-26 One 

notable example of this is the successful synthesis of 47 distinct copper sulfide HNs via cation 

exchange by Fenton et al. in 2018.26 However, precise control of the stoichiometry and crystal 

phase of copper chalcogenide HNs is still challenging as different precursors require varying 

reaction conditions.  

Before controlling specific reaction conditions to synthesize copper sulfide and copper iron 

sulfide HNs, the possibility of incorporation of Fe into covellite-phase copper sulfide (CuS) NCs 

was first investigated under different reaction conditions: (i) in the presence of 1-dodecanethiol 

(1-DDT), (ii) with the addition of trioctylphosphine (TOP), and (iii) without the addition of 1-DDT 

or TOP (See Appendix C for experimental details). Preliminary experiments have demonstrated 

that iron can be incorporated into CuS NCs in the presence of 1-DDT and without the addition of 

1-DDT or TOP, as shown by the XRD patterns in Figure 5.1. Moreover, the results show that the 

addition of 1-DDT plays a significant role in the phase-selective synthesis of CuFeS2 NCs. In 

addition to the XRD analysis, the extinction spectra of the samples before and after cation 

exchange reactions with 1-DDT corroborate the selective formation of CuFeS2 NCs (Figure 5.2). 



 

 

Figure 5.1. XRD patterns of the pristine CuS NCs and the samples after cation exchange (CE) 

reaction under various condition (Blue: Without 1-DDT or TOP, Red: With 1-DDT, Green: With 

TOP). 

 

 

Figure 5.2. The extinction spectra of the samples after cation exchange reaction (A) with 1-DDT, 

(B) with TOP, and (C) without 1-DDT or TOP. 

 



 

Moreover, no obvious changes in the size distribution of the samples before and after cation 

exchange reactions supports the successful incorporation of Fe into CuS NCs via cation exchange 

reaction (Figure 5.3). However, although the Fe ions are successfully incorporated into the CuS 

lattice with the addition of 1-DDT, the reaction conditions need to be further engineered in order 

to synthesize CuS/CuFeS2 HNs. Based on previous studies of the cation exchange reactions of 

colloidal copper chalcogenide NCs, the extent of cation incorporation is highly dependent on the 

reaction time, temperature, and type and concentration of cation precursors and ligands.23, 27-29 

Therefore, we are currently working to develop a synthetic protocol for novel CuS/CuFeS2 HNs 

by careful tuning the necessary reaction parameters. 

 

Figure 5.3. TEM images of (A, D, and G) pristine CuS NCs before cation exchange reaction, (B, 

E, and H) after cation exchange reaction with 1-DDT, with TOP, and without any additional 

reagents, respectively. (C, F, and I) The corresponding size distributions. 



 

5.1.3 Preliminary Conclusions 

Herein, we provide preliminary data for the synthesis of binary copper sulfide and ternary 

copper iron sulfide HNs by means of cation exchange reaction. Combining all of the above results 

and observations, we found that the presence of 1-DDT plays an important role in the phase-

selective synthesis of CuFeS2 NCs through cation exchange. A future direction of study will be 

reducing the reaction rate of cation exchange for the synthesis of CuS/CuFeS2 HNs. We believe 

that rationally designed CuS/CuFeS2 HNs have the potential for unprecedent optical properties that 

could be obtained from the concurrence of an IB-enabled DR and an LSPR. 

 

5.2 SUMMARY OF CONTRIBUTIONS 

The work presented in this dissertation aimed to understand the unique light-matter 

interactions in ternary metal chalcogenide intermediate band semiconductor NCs. Extensive 

experimental and computational work provided clear evidence that the resonant optical 

characteristics of ternary metal chalcogenide intermediate band semiconductor NCs in the visible 

region look similar to the optical response of noble metal NCs on the account of an IB-enabled 

DR, which represents a different type of resonant excitation than the well-known LSPR. Notably, 

Chapter 3 demonstrated how the removal or addition of iron atoms in ternary Cu-Fe-S NCs can be 

used to investigate the key role that the presence of the intermediate Fe d-band plays in enabling a 

Fröhlich resonance in the visible region of the the electromagnetic spectrum, and to modulate 

between the DR and LSPR responses, with potential use in dynamically responsive material 

applications. Moreover, Chapter 4 contributed to not only expanding the library of intermediate 

band semiconductor NCs that exhibit DR excitation, but also to achieving a better understanding 

of the DR characteristics of ternary metal iron sulfide NCs. 



 

 As a final note, I hope that this dissertation provides a strong foundation for future research 

in the use of ternary metal chalcogenide intermediate band semiconductor NCs for a variety of 

applications, benefiting from their resonant light-matter interactions. 
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APPENDIX A 

 

Effects of excess chloride addition on the synthesis of bornite NCs 

 

In the absence of excess chloride, polydisperse, bornite-phase copper iron sulfide nanoplatelets 

with low iron content were consistently obtained. The presence of excess chloride in the reaction 

solution was necessary to achieve monodisperse bornite nanocrystal samples with tunable iron 

content.  

Figure A.1. Schematic illustration and representative TEM and UV-vis-NIR extinction spectra 

of copper iron sulfide NCs synthesized using 0.8 mmol of copper (II) chloride and 0.4 mmol of 

iron (III) chloride (a) without and (b) with addition of excess chloride anions. Spectral artifacts 

caused by the NIR absorption bands of the chloroform solvent are marked by asterisks. 



 

TEM images and size distribution histograms of bornite NCs 

 

Figure A.2. TEM images and size distribution histograms of bornite NCs with (a) 4.1, (b) 6.3, (c) 

9.5, and (d) 12.5% Fe. The corresponding size distributions were determined by analysis of 100 

individual NCs.  

 

Elemental analysis by energy-dispersive X-ray spectroscopy (EDXS) 

 

Table A.1. Elemental compositions of bornite NCs 

Precursor ratio 

(Cu:Fe) 

Atomic (%) Nanocrystal 

Stoichiometry Cu Fe S 

1:0.5 58.7 4.1 37.2 Cu1.58Fe0.11S 

1:0.75 56.6 6.3 37.1 Cu1.53Fe0.17S 

1:1 52.6 9.5 37.9 Cu1.39Fe0.25S 

1:1.25 49.6 12.5 37.9 Cu1.31Fe0.33S 

 

 

 

 

 

 



 

Crystal structures of bornite and chalcopyrite phases 

 

Figure A.3. Schematic representations of the crystal structure of (a) bornite Cu5FeS4, (b) bornite 

Cu2FeS2, and (c) chalcopyrite CuFeS2. 

 

Lattice constant calculation of bornite NCs 

The lattice constants of bornite NCs were determined by applying Bragg’s law to the (222), 

(400), (440), (622), (800), (844) X-ray diffraction peaks. For a cubic phases, the lattice constant 

can be expressed as follows1-2: 

2𝑑ℎ𝑘𝑙𝑠𝑖𝑛𝜃 = 𝑛𝜆                                                             (A.1) 

a = 𝑑ℎ𝑘𝑙√ℎ2 + 𝑘2 + 𝑙2                                                       (A.2) 

Where 𝑑ℎ𝑘𝑙 is an inter-lattice spacing, 𝜃 is a Bragg diffraction angle, 𝑛 is a positive integer, 𝜆 is 

the wavelength of the incident X-rays (𝜆=1.5406Å), a is the lattice constant, and h, k, and l are 

the Miller indices that correspond to each diffraction peak.  

 

 

 



 

Table A.2. The X-ray diffraction peak positions used to calculate the lattice constants for bornite 

NCs with different iron content 

Elemental 

fraction of Fe 

in NCs (%) 

Peak positions (𝜃, degrees) Lattice constant 

(Å) 
(222) (400) (440) (622) (800) (844) 

4.1 14.10 16.34 23.49 27.84 34.31 43.42 10.95 ± 0.02 

6.3 14.15 16.4 23.53 27.89 34.36 43.68 10.92 ± 0.01 

9.5 14.25 16.5 23.73 28.08 34.61 44.04 10.85 ± 0.01 

12.5 14.33 16.61 23.82 28.25 34.83 44.36 10.79 ± 0.01 

 

 

 

 

Lattice compression from low-Fe to high-Fe bornite NCs 

 

Figure A.4. HRTEM images of (a and b) low-Fe, and (c and d) high-Fe bornite NCs with the 

corresponding fast Fourier transforms shown below each panel. 

 



 

 

Figure A.5. Comparison of the calculated lattice constants for low-Fe and high-Fe bornite NCs as 

determined by XRD and HRTEM measurements. 

 

 

Density functional theory (DFT) calculations 

As mentioned in the computational details section of the main text, we modeled three different 

materials of varying Fe concentration: Cu2FeS2 (20 at.% Fe), Cu9Fe3S8 (15 at.% Fe), and 

Cu5FeS4 (10 at.% Fe). We used a supercell approach composed of eight unit-cells in a 2x2x2 

expansion. The lattice constant of the cubic supercell is 10.95 Å.3 Norm-conserving 

pseudopotentials4-5 and unrestricted PBE+U6-7 were used in VASP.8-11 A cutoff energy of 500 eV 

was used for the plane-wave basis. We optimized the atomic positions while keeping the lattice 

constant fixed on a 2x2x2 Monkhorst-Pack k-point mesh of the Brillouin zone.12 A 6x6x6 k-

point mesh was used for a subsequent density of states calculation.  

Spin Coupling of Iron Atoms 

Since we are interested in a qualitative characterization of the electronic structure, we used the 

same U parameter for PBE+U as a recent study of CuFeS2.
13 We estimated the relative stability 



 

of ferromagnetically and antiferromagnetically aligned iron atoms for each material. The 

geometries used for the single point were optimized with the corresponding Fe spin alignment 

except for Cu9Fe3S8 which used the ferromagnetic (FM) geometry due to convergence 

difficulties for the antiferromagnetic (AFM) solution. As shown in Table A.3, the 

antiferromagnetic solution is lowest in energy for Cu2FeS2 and Cu9Fe3S8; however, the Cu5FeS4 

has a near degenerate AFM and FM configuration, the total energy difference is within in 0.1 eV, 

which is beyond the resolution of the DFT method. We expect our computational approach to be 

semi-quantitative and are therefore unable to make claims at a precision of more than 0.4 eV. 

Thus, we included both FM and AFM Cu5FeS4 in our study. 

Table A.3. Difference in energy (eV) between ferromagnetic (FM) and antiferromagnetic (AFM) 

solutions computed with PBE+U 

 Cu2FeS2 Cu9Fe3S8 Cu5FeS4 

FM -362.36 -354.68 -344.98 

AFM -365.41 -355.57a -344.88 

AFM-FM -3.05 -0.89 0.10 

aComputed with FM geometry 

Geometries 

We used a supercell to model our material which consisted of 2x2x2 unit cells. Two types of unit 

cells were used: one containing iron defects and one containing vacuum defects. To maintain the 

long-range iron/vacancy defect clustering, we alternate the unit cells within the supercell.14 For 

each choice of iron concentration, we optimized the atomic positions while keeping the supercell 

dimensions fixed. In the case of Cu9Fe3S8, we were unable to converge to a stable structure for 

the antiferromagnetic case, so we use the ferromagnetic geometry. The iron-defect unit cells for 

AFM Cu2FeS2, AFM Cu9Fe3S8, AFM Cu5FeS4, and FM Cu5FeS4 are shown in Figure S6. There 

is little difference between the structures; all of which exhibit a Cu-Fe distance of 2.75 Å.  



 

 

Figure A.6. Iron-defect unit cell for (a) antiferromagnetic Cu2FeS2, (b) antiferromagnetic 

Cu9Fe3S8, (c) antiferromagnetic Cu5FeS4, and (d) ferromagnetic Cu5FeS4. Blue atoms are Cu, 

brown atoms are Fe, and yellow atoms are S. 

 

Density of States 

We report the atomic-projected density of states (DOS) for the three different materials. We were 

interested in understanding the qualitative nature of the intermediate band, specifically with 

respect to the Fe 3d contribution. The resulting DOS can be found for AFM Cu5FeS4, Cu9Fe3S8, 

and Cu2FeS2 in Figure 3 of the manuscript. Due to the small energetic difference between the 

AFM and FM Cu5FeS4 shown in Table A.3, we also show the DOS and integrated density of 

states over the intermediate-band energy range of FM Cu5FeS4 in Figure A.7.  

 

Figure A.7. (a) Atomic-projected density of states for ferromagnetic Cu5FeS4 and (b) integrated 

density of states of the intermediate band for all studied materials. 



 

 

Band Structures 

To understand the band characteristics near the Fermi energy, we performed band structure 

calculations for AFM Cu5FeS4, Cu9Fe3S8, and Cu2FeS2 as shown in Figure A.8. We did not 

consider FM Cu5FeS4 due to the similar DOS observed when compared to AFM Cu5FeS4 

(compare Figure 3.3 with Figure A.7). The lowest-energy band above the Fermi energy (EF) that 

is dominated by the Fe 3d (compare with DOS in Figure 3.3) exhibits dispersion on the  point. 

 

Figure A.8. Band structures computed relative to the Fermi energy for antiferromagnetic (a) 

Cu5FeS4, (b) Cu9Fe3S8, and (c) Cu2FeS2, respectively. 

 

Oxidation characteristics of bornite NCs 

We found that differences in the extent of iron content in the bornite NCs have a large impact on 

their oxidation characteristics, particularly for NCs with between 6.3 and 9.5 at.% Fe. Moreover, 

an interesting observation is made when we compare the bornite NCs with controlled iron-

content by synthesis and the post-synthetically oxidized NCs. In addition to the iron-content-

dependent intermediate Fe d-band, it is possible that the abrupt spectral changes between 6.3 and 

9.5 at.% Fe in the bornite NCs are a result of the Moss-Burstein effect caused by the appreciable 

number of free charge carriers (holes) in the valence band that are due to the formation of cation 



 

vacancies,15-16 thus leading to further changes in the electronic structure. These differences may 

seem small in number, but it is necessary to note that the occurrence of the DR is highly 

dependent on the position of the intermediate band between the valence band and conduction 

band, which has been well-demonstrated in previous literature.17 Based on our observations and 

previous literature, we believe that oxidizing the bornite NC dispersion gradually under ambient 

air, which slowly ejects the iron from the lattice, effectively provides a gradual tuning of iron 

contents between 6.3% and 9.5%. As a result, the optical responses of the bornite NCs with post-

synthetic oxidation treatment gradually converted from DR to LSPR.   

 



 

 

Figure A.9. UV-vis-NIR extinction spectra of bornite NCs with different Fe content – (a) 4.1, 

(b) 6.3, (c) 9.5, and (d) 12.5 at.% – as a function of oxidation time under ambient conditions. 

Spectral artifacts caused by the NIR absorption bands of the chloroform solvent are marked by 

asterisks. 



 

 

Figure A.10. XRD patterns of bornite NCs with different levels of Fe incorporation (a) 4.1, (b) 

6.3, (c) 9.5, and (d) 12.5 at.% as-synthesized, and after three weeks of oxidation under ambient 

conditions. 

 

 

 

 

 

 

 

 

 

 

 



 

Elemental analysis of high-Fe bornite NCs before and after oxidation 

Inductively coupled plasma optical emission spectroscopy (ICP-OES) was conducted to 

determine the chemical composition of high-Fe bornite NCs before and after oxidation. To check 

for oxidative leaching of iron, we analyzed the composition of high-Fe bornite NCs before 

oxidation, the oxidized high-Fe bornite NC precipitates, and their supernatants. Elemental 

analysis shows that the Cu/Fe molar ratio of high-Fe bornite NCs before oxidation is about 3.9, 

which is similar to the molar ratio of Cu and Fe determined by EDXS. After oxidation, the Cu:Fe 

stoichiometric ratio of the high-Fe bornite NC precipitates increased significantly to 8.9, while 

the Cu:Fe stoichiometric ratio of the supernatant decreased to 0.41:1, confirming that iron atoms 

leave the bornite NCs and remain in the supernatant upon oxidation. The results are summarized 

in Table S4. Furthermore, we confirm that the initial Fe content of the high-Fe bornite NCs 

before oxidation matches the sum of the oxidized bornite NC iron content and the amount of iron 

measured in the supernatant. 

Table A.4. ICP-OES results of high-Fe bornite NCs before oxidation, the oxidized high-Fe 

bornite NC precipitates, and their supernatants. 

Samples 
Weight (%) Atomic (%) Atomic ratio 

(Cu:Fe) Cu Fe Cu Fe 

Bornite NCs before oxidation 81.7 18.3 79.7 20.3 3.92:1 

Oxidized bornite NC precipitates 91.0 9.0 89.9 10.1 8.91:1 

Oxidized supernatants 31.7 68.3 29.0 71.0 0.41:1 

 

 

 

 

 

 

 



 

Dependence of the bornite NC visible extinction band on the refractive index of the 

surrounding medium 

Figure A.11. (a) The UV-vis extinction spectrum of partially oxidized, high-Fe bornite NCs in 

chloroform. (b) Comparison of the extinction characteristics of the partially oxidized bornite 

NCs in three different solvents (tetrahydrofuran, chloroform, and tetrachloroethylene), and (c) 

changes in the absorption peak position as a function of the environment refractive index.  

 

 

Calculated permittivities of bornite phases with different iron content 

To estimate the frequency-dependent real permittivity, we applied a simplified version of a 

model previously developed for CuFeS2.
17 The band energy cutoffs and state densities were 

obtained from our density of states calculations, as shown in Table A.5, where VB, IB, and CB 

indicate valence band, intermediate band, and conduction band, respectively, and where the CB 

energy minimum was selected as the first nonzero point after the IB. The resulting frequency-

dependent permittivity curves are shown in Figure A.12. Since we were interested in the point 



 

where the permittivity becomes negative, the curves in Figure A.12 were scaled by the scaling 

factor  (0.0008).  

Table A.5. Data used to generate permittivity curves using the model presented in Reference 15. 

Energies are in eV and densities are in states per eV. 

 Cu2FeS2 Cu9Fe3S8 Cu5FeS4 

𝐸min
VB  2.61 2.36 2.33 

𝐸max
VB  5.75 5.70 5.72 

𝐸min
IB  6.05 6.07 6.24 

𝐸max
IB  6.95 6.96 6.83 

𝐸min
CB  7.03 7.03 6.90 

𝐸max
CB

 10.70 10.74 10.73 

𝜌VB 912.4 932.4 1061.8 

𝜌IB 515.6 411.0 384.9 

𝜌CB 72.7 68.5 63.2 

 

 
Figure A.12. Calculated real component of the permittivity for each of the bornite phases.  
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APPENDIX B 

 

Crystal structures of tetragonal and orthorhombic phase AgFeS2 

 

 

Figure B.1. Schematic representations of the crystal structure of (a) tetragonal and (b) 

orthorhombic phase AgFeS2. 

 

 

 



 

Comparison of experimental and simulated fast Fourier transform (FFT)

        

Figure B.2. Experimental and simulated fast Fourier transform (FFT) patterns of (a) tetragonal 

and (b) orthorhombic phase AgFeS2 oriented along the zone axis [0 2̅ 1] and [0 1 1], respectively. 

 

 

 

 

 

 

 



 

Elemental analysis by energy-dispersive X-ray spectroscopy (EDXS) 

Table B.1. Elemental compositions of representative tetragonal and orthorhombic phase AgFeS2 

NCs 

Crystal structure 
Atomic (%) Nanocrystal 

Stoichiometry Ag Fe S 

Tetragonal 24.9 28.2 46.9 AgFe1.13S1.88 

Orthorhombic 24.5 24.7 50.8 AgFe1.01S2.07 

 

 

 

Size distribution histograms of tetragonal and orthorhombic AgFeS2 NCs 

 

 

Figure B.3. Size distribution histograms of (a) tetragonal and (b) orthorhombic phase AgFeS2 NCs 

synthesized with 12.8 and 0.4 mmol of OA and OAM, respectively. The corresponding size 

distributions were determined by analysis of 200 individual NCs. 

 

 

 

 

 

 

 

 



 

 

More characterization of Ag NCs before the injection of sulfur 

 
Figure B.4. TEM images and size distribution histograms of Ag NCs synthesized with (a) 12.8 

and (b) 0.4 mmol of OA and OAM before the sulfur precursor injection. 

 

Characterization of CuFeS2 NCs 

 

Figure B.5. (a) TEM image and (b) XRD pattern of CuFeS2 NCs. 



 

 

Control experiments on the synthesis of AgFeS2 NCs 

To clarify the role of oleic acid (OA) and oleylamine (OAM) in the phase-controlled synthesis of 

AgFeS2 NCs, control experiments were conducted by progressively increasing the amount of OA 

or OAM.  

 

Figure B.6. Comparison of the XRD patterns of AgFeS2 NCs synthesized with different amounts 

of (a) OA or (b) OAM. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Dependence of the AgFeS2 NC extinction band on the refractive index of the surrounding 

medium 

 

Figure B.7. Comparison of the extinction characteristics of the (a) tetragonal and (b) 

orthorhombic phase AgFeS2 NCs in four different solvents (tetrahydrofuran, chloroform, 

toluene, and tetrachloroethylene), and (c) changes in the absorption peak position as a function of 

the environment refractive index.  

 

 

 

Density functional theory (DFT) calculations 

 

We modeled the tetragonal phase of CuFeS2 and AgFeS2 and the orthorhombic phase of AgFeS2. 

Projector augmented wave (PAW) potentials1-2 and unrestricted PBE+U3-4 were used in VASP.5-8 

A cutoff energy of 500 eV was used for the plane wave basis. Since the tetragonal phases have 

been studied previously, we used some references for the geometries and lattice constants.9-11 For 

the orthorhombic cell, we optimized the atomic positions and lattice constants on a 6x6x6 

Monkhorst-Pack k-point mesh of the Brillouin zone with a value of 0.001 eV for Gaussian 



 

smearing.12 We assumed antiferromagnetic coupling of the Fe atoms and used a value of 3.1 and 

2.8 for U on the Fe d orbitals of CuFeS2 and AgFeS2, respectively. 

 

Density of States 

We present the calculated atomic-projected density of states (DOS) for tetragonal CuFeS2 and 

AgFeS2, and orthorhombic AgFeS2 in Figure 4.6 and B.8, respectively. The curves exhibit 

qualitative agreement with previous computing works.9, 11 We find that both tetragonal and 

orthorhombic AgFeS2 exhibit an intermediate band derived from Fe, and the valence band is a 

mixture of Ag/S. The valence-intermediate (VB-IB) gap is 0.83 eV for tetragonal AgFeS2 and 

1.28 eV for orthorhombic AgFeS2. The VB-IB gap is in good agreement with previously 

computed value of 0.99 eV, and the AgFeS2 band gap agrees well with experimental results of 

0.88/1.2 eV.11, 13-14  

 

Permittivity  

The real component of the permittivity was computed under the independent-particle 

approximation and reported for CuFeS2 and AgFeS2 in Figures 4.6 and B.8, respectively.15 The 

parallel component is aligned along the c axis of the tetragonal structure. We find good 

agreement with previously computed real permittivity of CuFeS2, where the real permittivity 

dips below 0 in the region 2-2.5 eV with a minimum around -3 to -5 as expected from the 

Fröhlich condition.10 The real permittivity of tetragonal and orthorhombic AgFeS2 are negative 

in the 2.5-3.5 eV region, which correlates with the increased VB-IB gap of AgFeS2 relative to 

CuFeS2 and change in absorption peak in Figure 4.5. The computational data supports a 

dielectric resonance at higher energy for AgFeS2. 



 

 

Figure B.8. Computed (a) DOS and (b) real permittivity for orthorhombic AgFeS2. 
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APPENDIX C 

 

Experimental Method 
 

Materials and Reagents 

Copper(II) chloride (CuCl2, 97%), sulfur powder (S, 99.998%), iron(III) acetylacetonate 

(Fe(acac)3, ≥99.9% trace metals basis), 1-dodecanethiol (DDT, ≥98%), oleylamine (OAM, ≥98%), 

1-octadecene (ODE, technical grade 90%) were purchased from Sigma-Aldrich. Chloroform 

(HPLC grade, 99.9%), ultrapure trace metal grade hydrochloric acid (HCl, 34-37%), and nitric 

acid (HNO3, 67-70%) were supplied by Fisher Scientific. Ethanol (200 proof) was purchased from 

Alfa Aesar. All materials were used as received without further purification. 

 

Synthesis of Covellite (CuS) Copper Sulfide Nanocrystals 

CuS NCs were prepared using a previously reported procedure by Su-Wen et al.1 Briefly, 1.0 

mmol of copper(II) chloride (134 mg) and 1.5 mmol of sulfur (48 mg) were combined with 2.5 

mL of oleylamine and 7.5 mL of 1-octadecene in a glass vial under air-free conditions. Afterwards, 

the glass vial was placed in an oil bath at 160°C and the mixture was allowed to react at this 

temperature for 30 min. Subsequently, the vial was cooled to room temperature naturally, and 5mL 

of ethanol was added to the reaction solution at room temperature. Then, the solution centrifuged 

at 4000 rpm (1,863 x g) for 5 min. Finally, the nanocrystals were dispersed in 8 mL of chloroform, 

followed by centrifugation at 8000 rpm (7,452 x g) for 7 min to remove any byproducts.  

 

Incorporation of Fe into CuS Template NCs Using 1-Dodecanethiol (1-DDT) 

To incorporate Fe into CuS NCs, 0.4 mmol of Fe(acac)3 was dissolved by a mixture of 6mL 

of oelylamine and 6.25mmol of 1-DDT (1.5mL) in a three-neck flask. The mixture was degassed 



 

at 50°C for 1hr under vacuum. Afterwards, the flask was filled with nitrogen and heated to 160°C. 

Meanwhile, 3mL of covellite CuS NC dispersion (0.134M Cu+ ions, in oleylamine) was prepared. 

Once the temperature reached to 160°C, the prepared 3mL of 0.134M Cu-OAM dispersion was 

quickly injected, and the solution was held at this temperature for 15min. After 15min, the flask 

was cooled to 50°C and 10mL of chloroform was injected to prevent solidification. Then, 15mL 

of ethanol was added at room temperature, followed by centrifuging at 7000rpm (5,705 x g) for 

15min. Finally, the precipitates were dispersed in 7mL of chloroform, and the re-dispersed solution 

was passed through a 0.45µm PTFE syringe filter. 

 

Incorporation of Fe into CuS Template NCs Using Trioctylphosphine (TOP) 

In a typical synthesis, a mixture of 0.4 mmol of Fe(acac)3, 6mL of oelylamine, and 6.25mmol 

of TOP (2.8mL) was prepared in a three-neck flask. The mixture was degassed at 50°C for 1hr and 

subsequently heated to 160°C under nitrogen flow. In the meantime, 3mL of covellite CuS NC 

dispersion (0.134M Cu+ ions, in oleylamine) was prepared. Once the temperature reached to 

160°C, the prepared 3mL of 0.134M Cu-OAM dispersion was rapidly injected, and the reaction 

was allowed to run for 15min. Afterwards, the flask was cooled to 50°C and 10mL of chloroform 

was injected to prevent solidification. The nanocrystals are precipitated by adding 15mL of ethanol 

at room temperature, followed by centrifuging at 7000rpm (5,705 x g) for 15min. Finally, the 

precipitates were dispersed in 7mL of chloroform, and the re-dispersed solution was further filtered 

using a PTFE syringe filter with a nominal pore diameter of 0.45µm. 

Incorporation of Fe into CuS Template NCs Without Using 1-DDT or TOP 

In a three-neck flask, 0.4 mmol of Fe(acac)3 and 6mL of oelylamine were mixed, and degassed 

under vacuum at a temperature of 50°C for 1hr. Then, the flask was filled with nitrogen and heated 



 

to 160°C. Meanwhile, 3mL of covellite CuS NC dispersion (0.134M Cu+ ions, in oleylamine) was 

prepared. After heating up to 160°C, the prepared 3mL of 0.134M Cu-OAM dispersion was swiftly 

injected, and the solution was held at this temperature for 15min. After 15min, the flask was cooled 

to 50°C and 10mL of chloroform was injected to prevent solidification. Then, 15mL of ethanol 

was added at room temperature, followed by centrifuging at 7000rpm (5,705 x g) for 15min. The 

final products were then dispersed in 7mL of chloroform, and the re-dispersed solution was further 

filtered using a PTFE syringe filter (pore size, of 0.45µm). 

 

Characterization Methods 

The size and morphology of the samples were characterized using a FEI Tecnai G2 F20 at an 

acceleration voltage of 200 kV. X-ray Diffraction (XRD) scans were collected by a Burker D8 

Discover and analyzed by using the JADE software. Extinction spectra of the NC dispersions were 

recorded with a Varian Cary 5000 UV-Vis-NIR spectrophotometer. All measurements were 

carried out from the NC dispersions in chloroform. Inductively coupled plasma atomic emission 

spectroscopy (ICP-AES) analysis was performed using a Perkin Elmer Optima 8300 to determine 

the concentration of CuS dispersion. 
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