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In recent years, copper sulfide nanocrystals (NCs) have emerged as promising candidates 

for new photothermal agents due to their strong near-infrared (NIR) light absorption, high 

photostability, low toxicity, and suitable size for photothermal therapy.1,2 However, the low 

photothermal conversion efficiency of copper sulfide NCs in the tissue transparency window 

from 650 to 900 nm hinders further development of copper sulfide as an effective photothermal 

agent.3,4 Therefore, it is still necessary to improve the photothermal conversion efficiency near 

800 nm for these materials to be used effectively in photothermal therapy.4 

As a result, other kinds of copper chalcogenide NCs, such as copper selenide, copper 

telluride, and their alloys have been recently proposed.5,6,7 By changing the mix of chalcogen 



  

 

 

substituents in the NC, the localized surface plasmon resonance (LSPR) position can be tuned to 

more closely match the tissue transparency window, leading to a higher photothermal conversion 

efficiency near the excitation wavelength.8 Copper selenide-sulfide and copper telluride-sulfide 

alloy NCs are especially interesting candidate materials for photothermal agents, as they should 

have lower cytotoxicity than pure copper selenide and copper telluride NCs due to their reduced 

selenium and tellurium content. However, their potential use for photothermal therapy has not 

yet been evaluated in depth.  

Herein, the photothermal conversion efficiency of several copper chalcogenide alloy NCs 

were investigated to evaluate the potential use of each as a photothermal agent via a comparison 

with unalloyed copper sulfide NCs. By controlling the composition of the alloys, their localized 

surface plasmon resonance peaks could be tuned throughout the near-infrared region, potentially 

leading to materials with resonances more closely matched to ideal therapeutic windows. 

Moreover, it was found that the photothermal conversion efficiency increased relative to the 

copper sulfide NCs as the LSPR peaks were tuned more closely to the 808 nm laser wavelength 

used in this study – directly within the center of the tissue transparency window. 
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Chapter 1. INTRODUCTION  

1.1 LOCALIZED SURFACE PLASMON RESONANCES (LSPRS) 

Localized surface plasmon resonances (LSPRs) are collective oscillations of free charge 

carriers, in resonance with specific wavelengths of incident light, that produce intense 

electromagnetic fields at the surface of nanostructures. These collective charge density 

oscillations result in strong absorption and scattering of light at a particular resonant frequency 

that depends on the surrounding dielectric environment, as well as size, shape, composition and 

electronic characterstics of the nanostructures.9,10,11  

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

of their free electrons with the electromagnetic field of impinging light.12 However, LSPRs are 

not exclusively limited to metal nanocrystals and also can be observed in nonmetallic 

nanomaterials that possess appreciable free carrier concentrations.9,12,13 Recently, many studies 

have explored the plasmonic properties of several types of semiconductor nanocrystals, including 

the copper chalcogenides13,14,15, tin-doped indium oxide16, aluminum-doped zinc oxide17, and 

phosphorus-doped silicon NCs.18 

Semiconductor nanostructures have emerged as a new family of plasmonic materials with 

highly tunable plasmonic properties that can be engineered compositionally by including 

designated impurities that are incorporated in different quantities and at different energy 

levels.9,12,13 This is due to the fact that their LSPR frequency can be tuned greatly through 

changes in the density of free charge carriers which are controlled by the degree of doping, 

unlike metallic nanostructures which have nearly fixed charge carrier density.9,12,13 Although it is 

known that the LSPR characteristics of noble metal nanoparticles can be tuned by variation of 
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the size, shape, choice of metal, or dielectric environment of the nanoparticles, metallic 

nanostructures lack wide-range compositional tunability.19 As a result, plasmonic semiconductor 

nanocrystals are an attractive subset of materials that can be engineered compositionally in a 

variety of research applications that utilize plasmonic effects. 

 

1.2. PLASMONIC NANOMATERIALS FOR PHOTOTHERMAL THERAPY 

Plasmonic nanomaterials have received considerable attention for both their fundamental 

properties and potential applications – from therapy and medical diagnostics to optoelectronics – 

due to their unique interaction with light via plasmon resonance.11,20 One of the major 

applications of plasmonic NCs is photothermal therapy. Photothermal therapy (PTT) is a 

minimally-invasive cancer treatment that uses local hyperthermia to kill cancerous cells, which 

can be highly sensitive to large temperature increases.20,21 

Effective thermal ablation of cancer cells can be induced by laser irradiation combined with 

targeted plasmonic nanostructures that act as photothermal agents that convert absorbed photon 

energy to thermal energy to increase temperature locally and kill the cancerous cells.20,22 There is 

an especially increasing interest in PTT using near-infrared (NIR) lasers as an alternative way to 

destroy tumor tissue, as opposed to invasive conventional approaches. NIR radiation is used to 

allow the laser to penetrate deeply into biological tissues with high intensity due to the low 

attenuation of light by hemoglobin and water in the NIR window (from 650 to 900 nm).5,22,23,24,25 

Among the many plasmonic nanostructures that exist, gold nanostructures of various 

geometries have been studied widely for photothermal therapy (PTT) over the past decades. This 

is due to the fact that the LSPR characteristics of gold nanostructures can be tuned throughout 

the NIR by modifying their size, shape, and structure.20 For example, gold nanoshells, nanorods, 
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and nanocages have all been evaluated and used as photothermal agents that absorb NIR 

light;20,26,27,28 however, several limitations – such as low photostability, costly and complicated 

synthesis, and non-degradability – lead to the need for better photothermal agents.1,29 

 

1.3. COPPER CHALCOGENIDE NANOCRYSTALS AS PHOTOTHERMAL AGENTS 

Recently, copper sulfide NCs have been explored as alternative photothermal agents due to 

several advantages over conventional gold nanostructures.1 First, in order to tune the gold LSPR 

band into the NIR region, it is necessary to form large, anisotropic gold nanostructures or hard-

to-synthesize gold nanoshells. In contrast, copper sulfide NCs are capable of absorbing NIR light 

through the resonant excitation of high concentrations of free charge carriers (in this case hole 

carriers generated by vacancy-doping), which leads to an intrinsic plasmon band in the NIR 

while maintaining a small, spherical geometry – thus potentially increasing bloodstream 

circulation time.1,5 Second, the robust photostability of copper sulfide NCs under NIR laser 

irradiation makes them potential candidates for use as effective photothermal agents under long 

periods of laser irradiation.2,30 Finally, copper sulfide NCs exhibit relatively low toxicity, 

showing promise for safe photothermal applications.1,31 Importantly, due to their small size, 

copper sulfide NCs less than 6 nm in diameter can easily be cleared from the body by the renal 

system.1 

Nonetheless, copper sulfide still has limited photothermal conversion efficiency when 

driven by 808 nm irradiation, which is one of the commonly used laser wavelengths for 

photothermal therapy due to the low level of heat generation from water at this 

wavelength.5,22,25,31 Thus, copper selenide5, copper telluride6, and their alloy NCs7 have been 

recently proposed as alternative agents for photothermal therapy. This is due to the fact that their 
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LSPR peaks are more closely matched to the laser wavelength, so that they could potentially 

achieve higher photothermal conversion efficiencies.8 Copper selenide-sulfide and copper 

telluride-sulfide alloy NCs are especially exciting candidate materials that are worth testing as 

photothermal agents, as these materials potentially have lower cytotoxicity than pure copper 

selenide and copper telluride NCs due to their reduced selenium and tellurium content. 

 

Chapter 2. EXPERIMENTAL METHODS 

2.1. MATERIALS AND REAGENTS 

Copper(I) chloride (CuCl, 99.995%), sulfur powder (S, 99.998%), selenium powder (Se, 

99.99%), tellurium powder (Te, 99.997%), 1-dodecanethiol (DDT, ≥98%), oleylamine (OAM, 

≥98%), oleic acid (OA, 90%), toluene (anhydrous, 99.8%), and chloroform (anhydrous, ≥99%) 

were purchased from Sigma-Aldrich. Copper(II) acetylacetonate (Cu(acac)2, 98%), and ethanol 

(anhydrous, 200 proof, ≥99.5%) were obtained from Acros Organics. Ultrapure trace metal grade 

hydrochloric acid (HCl, 34-37%), and ultrapure trace metal grade nitric acid (HNO3, 67-70%) 

were supplied by Fisher Scientific. Methoxy polyethylene glycol thiol (mPEG-SH, 10 kDa) was 

bought from Creative PEGWorks. All chemicals were used without further purification. 

2.2. NANOCRYSTAL SYNTHESES 

A glove box (H2O < 0.5 ppm, O2 < 0.5 ppm) was used to store and handle all air- and 

moisture-sensitive chemicals. All syntheses were carried out under nitrogen atmosphere using 

standard Schlenk line techniques. 
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2.2.1 Synthesis of Cu2-xS Nanocrystals 

The synthesis of Cu2-xS NCs was performed according to procedures developed by Saldanha 

et al.7 In a typical synthesis, 0.8 mmol of copper(II) acetylacetonate (210 mg) and 0.4 mmol of 

sulfur (12.8 mg) were combined with 4 mL of 1-dodecanethiol and 8 mL of oleic acid in a three 

neck round bottom flask. The mixture was heated to 80°C and degassed under vacuum for 1 hr 

with vigorous stirring. Afterwards, the temperature was raised to 220°C under nitrogen 

atmosphere, and the mixture was allowed to react at this temperature for 30 min. After 30 min, 

the flask was rapidly cooled to room temperature by using a water bath. Once at room 

temperature, 15mL of ethanol was added to the reaction solution, followed by centrifuging at 

8000 rpm (7,452 x g) for 20 min. The supernatant was discarded and the precipitate was 

dispersed in 5 mL of toluene. The washing procedure was repeated one more time to clean the 

sample effectively. Finally, the nanocrystals were dispersed in 5 mL of clean toluene and 

centrifuged at 1500 rpm (262 x g) for 1 min to remove aggregated and poorly-capped 

nanocrystals. 

2.2.2.  Synthesis of Cu2-xSeyS1-y Nanocrystals 

The synthesis of copper selenide-sulfide NCs was carried out using the method of Liu et 

al.32 First, oleic acid-selenium and oleylamine-sulfur complexes were prepared in a molar ratio 

of 2:1 OA-Se to OAm-S. In detail, OAm-S was prepared by mixing 2 mmol of S powder (64 mg) 

with 10 mL of OAm at 110°C for 30 min under nitrogen atmosphere. For preparation of the OA-

Se precursor, 2 mmol of Se powder (160 mg) was dissolved in 10 mL of OA at 330°C under 

nitrogen. The solution was held at this temperature for 2 hrs, and then cooled to 80°C for further 

use. 
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Meanwhile, for the synthesis of copper selenide-sulfide nanocrystals, 1 mmol of copper(I) 

chloride (0.198 g) was mixed with 10 mL of oleylamine in a three neck round bottom flask under 

vigorous stirring. The solution was heated to 80°C and degassed for 30 min. Then, the 

temperature was increased to 225°C in order to form an organometallic oleylamine-copper 

precursor complex. Meanwhile, the OA-Se and OAm-S precursors were mixed in a 2:1 molar 

ratio. As soon as the chalcogen precursor mixture was prepared, 5mL of the OA-Se/OAm-S 

precursor solution was injected into the copper precursor solution at 225°C. The reaction 

temperature decreased to 200°C after the injection. The reaction proceeded at this temperature 

for 2.5 min, and then the flask was removed from the heating mantle to decrease the temperature 

to 60°C. In order to prevent solidification, 5 mL of toluene were added into the solution at 60°C. 

The nanocrystals were washed by the addition of 10 mL of ethanol, followed by centrifugation at 

8000 rpm (7,452 x g) for 3 min. The supernatant was discarded and the precipitate was dispersed 

in 5 mL of chloroform. The purification was repeated twice to clean the sample thoroughly. 

Finally, the nanocrystals were dispersed in 5 mL of clean chloroform. 

2.2.3.  Synthesis of Cu2-xTeyS1-y Nanocrystals 

Copper telluride-sulfide NCs were synthesized via a modified version of a procedure 

introduced by Saldanha et al.7 To synthesize Cu2-xTeyS1-y NCs, 1.2 mmol of copper(II) 

acetylacetonate (315 mg) and 0.6 mmol of tellurium (78 mg) were mixed with 6 mL of 1-

dodecanethiol in a three neck round bottom flask. The mixture was degassed overnight at 80°C 

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

reaction temperature reached 240°C, the heating mantle was immediately removed and cooled to 

room temperature by using a water bath. The nanocrystals were precipitated by centrifugation at 

8000 rpm (7,452 x g) for 10 min with the addition of 5 mL of ethanol. The cleaning procedure 
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was repeated one more time to remove unreacted precursors and byproducts. Finally, the 

nanocrystals were dispersed in 5 mL of toluene and centrifuged at 1500 rpm (262 x g) for 1 min 

to remove poorly stabilized nanocrystals. 

2.2.4.  Ligand Exchange 

To make the initially hydrophobic nanocrystals dispersible in water, methoxy-polyethylene 

glycol thiol (mPEG-SH, 10 kDa) was used for ligand exchange according to the method 

described by Chen et al.33 Briefly, 200 µL of the nanocrystal dispersion (in chloroform) 

containing approximately 1.5 mg of nanocrystals was mixed in a vial with 200 µL of a freshly 

prepared chloroform solution containing 30 mg of mPEG-SH, followed by the addition of 20 µL 

of 15 nM NaBH4 in methanol as a reducing agent. The mixture was stirred gently for 1 day at 

room temperature. Then, the ligand-exchanged NCs were precipitated by adding 2 mL of 

hexanes followed by centrifugation at 8000 rpm (7,452 x g) for 5 min. The supernatant was 

discarded, and the precipitated NCs were dispersed in 200 µL of methanol. Finally, the methanol 

was evaporated under vacuum using a rotary evaporator, and the mPEG-SH functionalized 

nanocrystals were dispersed in 3 mL of (18.2 MΩ) deionized water. 

2.3.  CHARACTERIZATION METHODS 

2.3.1.  Transmission Electron Microscopy (TEM) 

TEM samples were prepared by dropping 15 µL of dilute nanocrystal dispersion in organic 

solvents or deionized water on carbon-coated 200 mesh nickel TEM grids (Electron Microscopy 

Sciences) sitting on filter paper. Samples were imaged using a FEI Tecnai G2 F20 transmission 

electron microscope operated at an accelerating voltage of 200 kV.  
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2.3.2.  Energy Dispersive X-ray Spectroscopy (EDS) 

Energy-dispersive X-ray spectroscopy (EDS) was carried out using a transmission electron 

microscope (FEI Tecnai G2 F20) equipped with an X-ray energy-dispersive spectroscopy 

detector (EDAX Element Silicon Drift Detector) in order to analyze the composition of 

nanocrystals dispersed onto a carbon-coated 200 mesh nickel TEM grid. 

2.3.3.  X-ray Diffraction (XRD) 

Samples were prepared by drop casting concentrated NC dispersions onto a silicon 

substrate. XRD patterns were recorded using a Bruker D8 diffractometer with a Cu Kα X-ray 

source at 45 kV and 120 mA. Scans were performed from 19 - 88° in 0.02 (2θ°) increments for 2 

hours. 

2.3.4.  UV-vis-NIR Spectroscopy 

Extinction spectra of all NC dispersions were measured in a 1 cm path length quartz cuvette 

(Spectrocell) using Varian Cary 60 UV-vis and Varian Cary 5000 UV-vis-NIR 

spectrophotometers. All measurements were carried out at optical densities ≤ 1.0. 

2.3.5.  Inductively Coupled Plasma Atomic Emission Spectroscopy (ICP-AES) 

To determine the concentration of each sample, inductively coupled plasma atomic emission 

spectroscopy (ICP-AES) analysis was performed using a Perkin Elmer Optima 8300. 

Nanocrystals were digested in aqua regia prepared from ultrapure nitric acid and hydrochloric 

acid in a 1:3 volume ratio. Once digestion was complete, samples were diluted using (18.2 MΩ) 

deionized water. Calibrations were performed using multi-element VII and sulfur ICP-AES 

standards obtained from EMD Millipore and Sigma-Aldrich, respectively. 327.393 nm, 181.975 
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nm, 196.026 nm, and 214.281 nm spectral lines were used to determine the copper, sulfur, 

selenide, and telluride concentration in each sample, respectively. 

 

Chapter 3. RESULTS AND DISCUSSION 

3.1.  SYNTHESIS OF COPPER CHALCOGENIDE NANOCRYSTALS 

In order to study the photothermal conversion efficiency of copper chalcogenide 

nanocrystals with different compositions and LSPR peak positions, copper chalcogenide 

nanocrystals of similar size but varied composition were synthesized. Efforts were taken to 

minimize differences in average size between samples due to the fact that photothermal 

conversion efficiency is correlated with the ratio of the absorption to extinction that is affected 

by the size of nanocrystals.34 

Figure 3.1 shows representative TEM images of the copper chalcogenide nanocrystals 

obtained by the procedures described above. 

 

Figure 3.1. TEM images of (a) Cu2−xS, (b) Cu2−xSeyS1−y, and (c) Cu2−xTeyS1−y NCs with average 

diameters of 5.2 ± 0.3, 6.5 ± 0.7, and 6.2 ± 0.3 nm, respectively. 
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TEM analysis shows that Cu2-xS, Cu2−xSeyS1−y, and Cu2−xTeyS1−y NCs are roughly spherical in 

shape with average diameters of 5.2 ± 0.3, 6.5 ± 0.7, and 6.2 ± 0.3 nm, respectively. Their 

corresponding size distributions are shown in Appendix A in Figure A.1. 

In addition, the chemical composition of the nanocrystals was determined by energy 

dispersive X-ray spectroscopy (EDS). The measured copper chalcogenide atomic ratios and 

weight ratios are listed in Table 3.1. The corresponding EDS data are reported in Appendix A in 

Figure A.2. 

Table 3.1. Elemental compositions of Cu2−xS, Cu2−xSeyS1−y, and Cu2−xTeyS1−y NCs 

 Atomic (%) Weight (%) 

Cu2-xS 
Cu S Cu S 

64.8 35.2 78.5 21.5 

Cu2-xSeyS1-y 
Cu Se S Cu Se S 

63.7 18.0 18.3 66.8 23.5 9.7 

Cu2-xTeyS1-y 
Cu Te S Cu Te S 

62.2 18.6 19.2 57.0 34.1 8.9 

 

EDS analysis revealed that the copper sulfide, selenide-sulfide, and telluride-sulfide NCs 

have the following stoichiometries: Cu1.84S, Cu1.75Se0.50S0.50, and Cu1.65Te0.49S0.51, respectively. 

The results indicate that the copper chalcogenide alloy NCs support higher copper vacancy 

concentrations than the pure copper sulfide NCs.35 Furthermore, the above elemental 

compositions for copper selenide-sulfide and telluride-sulfide ternary alloyed NCs provide 

evidence for the incorporation of Se and Te in the final products. 

For all samples, XRD analysis was carried out in an attempt to determine the crystal 

structure of the copper chalcogenide nanocrystals, and provide evidence for the formation of 

copper chalcogenide alloy nanocrystals. 
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Figure 3.2. XRD patterns of (a) Cu2−xS, (b) Cu2−xSeyS1−y, and (c) Cu2−xTeyS1−y NCs. 



12 

 

 

Figure 3.2 presents the XRD patterns of Cu2−xS, Cu2−xSeyS1−y, and Cu2−xTeyS1−y NCs. It is 

especially difficult to determine copper chalcogenide crystal structures, as they have a diverse 

composition and numerous crystallographic phases. Even a slight change in the reaction 

temperature is able to cause the formation of a different crystal structure, or even mixed phases 

within a single batch.7,36 Even though XRD analysis for copper chalcogenide NCs is challenging, 

XRD patterns for the samples obtained were closely matched with the reference lines shown in 

the Figure 3.2. For example, the XRD peaks of the Cu2−xS nanocrystals correspond well with the 

djurleite (Cu31S16; PDF card 00-034-0660) and β copper sulfide (Cu2S, 00-026-1116) phases. 

Moreover, the diffraction peaks of the copper chalcogenide ternary alloyed NCs shift to smaller 

Bragg angles, as compared to the copper sulfide references, corroborating alloy formation. This 

is due to the fact that the increase in the lattice constant by the partial substitution of larger 

selenium and tellurium anions with sulfur anions leads to a decrease in Bragg angle.7,32  

 

3.2.  LOCALIZED SURFACE PLASMON CHARACTERISTICS OF COPPER 

CHALCOGENIDE NANOCRYSTALS 

As can be seen in Figure 3.3, UV-vis-NIR spectroscopy shows the tunable LSPR response 

of the copper chalcogenide NCs that arises from the appreciable concentration of holes in the 

valence band, which are generated by the large number of copper vacancies present in the 

material.9,12,13 
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Figure 3.3. (a) The normalized extinction spectra of Cu2−xS, Cu2−xSeyS1−y, and Cu2−xTeyS1−y NCs 

in toluene. (b) The calculated molar extinction coefficient of Cu2−xS, Cu2−xSeyS1−y, and 

Cu2−xTeyS1−y NCs (in terms of moles of nanocrystals per volume of solvent) based on the 

absorbance spectrum of samples dispersed in toluene with Cu concentrations of 100 ppm, as 

determined by ICP-AES analysis.  

 

The changes in LSPR characteristics were analyzed by comparing the optical extinction of 

copper chalcogenide ternary alloyed nanocrystals with Cu2−xS NCs. Figure 3.3 shows that the 

LSPR peaks of the copper chalcogenide ternary alloy NCs are blue-shifted, as compared to that 

of the copper sulfide NCs. A LSPR peak centered at 1355 nm was observed for copper sulfide 

nanocrystals, while copper selenide-sulfide nanocrystals display a strong near-infrared optical 

absorption at 990 nm. The copper telluride-sulfide nanocrystals had a broad absorption peak 

centered at 800 nm, which is blue-shifted more strongly than the other copper chalcogenide NCs. 

This comparison demonstrates that their LSPR properties can be tuned by controlling the 

composition of the copper chalcogenide NCs without changing their size. 

This blue-shift in the LSPR peak position is likely due to the high concentration of free hole 

carriers in copper chalcogenide alloy NCs, which arise from the large level of copper vacancies 

in the material (Cu1.84S, Cu1.75Se0.50S0.50, and Cu1.65Te0.49S0.51, as determined by EDS). There is a 
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direct relationship between the localized surface plasmon resonance frequency (𝜔𝑠𝑝) and the 

bulk plasmon frequency (𝜔𝑝), which can be expressed in terms of the square root of the free 

carrier concentration (𝑁) as follows:37 

𝜔𝑠𝑝 ∝  𝜔𝑝 = √
𝑁𝑒2

𝑚∗𝜀0
                                               (3.1) 

where 𝑁 is free carrier concentration, 𝑒 is electron charge, 𝑚∗ is effective mass, and  ε0 is the 

permittivity of free space. Thus, higher free carrier concentrations result in an increased LSPR 

frequency, and a corresponding blue-shift of the peak wavelength. Also, changes in material 

properties, such as effective hole mass, damping rates, and mobility can lead to a shift of the 

LSPR peak position. 

To support this argument, the free carrier density of the copper chalcogenide nanocrystals 

was calculated as follows. Using Mie theory, the polarizability (α) of a spherical nanoparticle 

can be expressed as13,38:  

α = 3ε0𝑉
(𝜀−𝜀𝑚)

(𝜀+2𝜀𝑚)
                                              (3.2) 

where 𝑉 is the volume of nanoparticle, 𝜀 is the complex dielectric function of the plasmonic 

nanomaterial and ε𝑚 is the permittivity of the surrounding environment. In Equation 3.2, the 

denominator should approach zero for a LSPR to occur; that is, when the real part of the 

permittivity (𝜀𝑟) is equal to -2𝜀𝑚. According to the Drude model, the real part of the permittivity 

can be expressed by the frequency of incident light (ω)14: 

ε𝑟 = 1 −
𝜔𝑝

2

(𝜔2+𝛾2)
                                                (3.3) 

where 𝜔𝑝 is the bulk plasmon frequency for the material, and γ is the carrier collision frequency. 

Equation 3.3 can also be expressed in terms of a ratio of energies, where 𝐸𝑝 is the bulk plasmon 
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energy (𝐸𝑝 = ℏ𝜔𝑝), 𝐸 is the energy of the incident radiation (𝐸 = ℏω), and 𝐸Γ can be 

interpreted as a damping energy (𝐸Γ = ℏγ). By combining the LSPR condition (𝜀𝑟 = −2𝜀𝑚) in 

Equation 3.2 with the Drude model, the surface plasmon resonance frequency (𝜔𝑠𝑝) can be 

expressed as follows13: 

−2ε𝑚 = 1 −
𝜔𝑝

2

(𝜔𝑠𝑝
2 +𝛾2)

                                              (3.4) 

ω𝑠𝑝 = √
𝜔𝑝

2

(1 + 2𝜀𝑚)
− 𝛾2 

For the ternary alloyed NCs, the collision frequency (related to the damping energy) can 

be calculated using the equation by Hsu et al.38: 

𝐸Γ = hc
𝜆𝐹𝑊𝐻𝑀

𝜆𝑚𝑎𝑥
2                                                    (3.5) 

where h is Planck’s constant, c is the speed of light, 𝜆𝐹𝑊𝐻𝑀 is the full width at half-maximum 

(FWHM) of the absorption peak, and 𝜆𝑚𝑎𝑥 is the wavelength of the absorption peak maximum. 

Prior to the calculation of the free carrier density for the copper chalcogenide NCs, the bulk 

plasmon frequency of each sample was calculated:  

ω𝑝 = √
𝑁ℎ𝑒2

𝜀0𝑚ℎ
                                                  (3.6) 

Finally, the free carrier density of each sample was calculated as follows38: 

𝑁ℎ =
𝜔𝑝

2𝜀0𝑚ℎ

𝑒2
 

where 𝑚ℎ is the hole effective mass. The calculated results are listed in Table 3.2. (See 

Appendix A for the calculation of the carrier density of each sample.)  

 



16 

 

 

Table 3.2. Damping energy, bulk plasmon energy, and carrier density of Cu2−xS, Cu2−xSeyS1−y, 

and Cu2−xTeyS1−y NCs. The damping energy for the copper sulfide NCs reported below was 

determined by Caldwell et al.39 

 Cu2-xS Cu2-xSeyS1-y Cu2-xTeyS1-y 

Damping energy (eV) 0.07 (Ref. 39) 0.54 1.31 

Bulk plasmon energy (eV) 2.15 3.20 4.76 

Carrier density (cm-3) 2.7 × 1021 3.0 × 1021 6.4 × 1021 

As shown in Table 3.2, the calculated charge carrier densities of the Cu2−xS, Cu2−xSeyS1−y, 

and Cu2−xTeyS1−y NCs are 2.7 × 1021, 3.0 × 1021, and 6.4 × 1021 cm-3, respectively. As expected 

from the EDS data, the samples with larger quantities of copper vacancies possess a higher 

carrier density. This result validates the observed blue shift of the LSPR peak in the copper 

chalcogenide alloy NCs and corresponds well with other plasmonic studies of the pure Cu2−xS, 

Cu2−xSe and Cu2−xTe NCs.15 These higher vacancy concentrations could result from the lower 

electronegativity of selenium and tellurium relative to sulfur, potentially leading to more facile 

copper vacancy generation. Alternatively, the higher vacancy concentrations could be attributed 

to increased stress and strain in the alloys caused by the substitution of larger selenium and 

tellurium atoms for sulfur anions, thus resulting in higher concentrations of vacancies to 

accommodate lattice relaxation, and leading to a higher charge carrier density.  

 However, it should be noted that covellite copper sulfide NCs (CuS) have a blue-shifted 

LSPR peak limited to ~975 nm,9 despite having very high copper deficiencies. Therefore, the 

blue shift of the LSPR peak might be also attributed to the significant increase of the bulk 



17 

 

 

plasmon frequency compared to the increase of the collision frequency (damping energy), which 

are both material properties determined by each individual alloy. 

To gain further insights into the plasmonic properties of each alloy, the molar extinction 

coefficient was calculated using the absorbance spectrum of copper chalcogenide nanocrystals in 

toluene with a Cu concentration of 100 ppm (see Appendix A for calculations). Interestingly, it 

was found that the LSPR peak of the Cu2−xTeyS1−y NCs exhibited broader and flatter peaks than 

the other copper selenide-sulfide nanocrystals, even though it has highest free carrier density of 

the samples that were investigated. Presumably, this weak NIR absorbance is attributed to 

increased scattering by defects, as larger tellurium anions are substituted for sulfur anions. Thus, 

an increased collision frequency results in increased damping and a reduced intensity of the 

LSPR peak. 

 

3.3.  PHOTOTHERMAL CONVERSION MEASUREMENTS 

For practical use in photothermal therapy, the initially hydrophobic copper chalcogenide 

NCs were made water-dispersible through ligand exchange using mPEG-thiol. The results of the 

ligand exchange and phase transfer are presented in Figure 3.4. These PEGylated NCs were 

dispersed well in deionized water without aggregation, as demonstrated by TEM (Figure A.4). 
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Figure 3.4. Photographs of the (a) Cu2−xS, (b) Cu2−xSeyS1−y, and (c) Cu2−xTeyS1−y NCs dispersed 

in organic solvents before ligand exchange and in deionized water after ligand exchange. 

 

After successful ligand exchange, the photothermal characteristics of the copper 

chalcogenide NCs were measured. To measure the photothermal conversion performance of the 

samples, 3 mL of aqueous PEGylated copper chalcogenide NC dispersions with identical 

concentrations (100 ppm Cu) were put into quartz cuvettes. Then, the temperature increase of the 

aqueous dispersions were examined by a thermocouple probe with an accuracy of 0.1°C upon 

excitation with 2 W of irradiation from a 808 nm laser for 30 min, as shown in Figure 3.5, until 

the system reached its steady state temperature.  

 

 

Figure 3.5. Schematic depiction of the photothermal conversion measurement. 
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Direct laser irradiation of the probe was avoided, and the temperature was recorded every 5 

seconds by a digital thermometer. After 30 min, the laser was turned off, and the temperature 

decrease of the aqueous dispersion was monitored to determine the rate of heat transfer and the 

photothermal conversion efficiency of the samples.  

 

 

Figure 3.6. (a) Temperature profile of aqueous PEGylated copper chalcogenide NC dispersions 

with identical copper concentrations (100 ppm) and deionized water. (b) Corresponding 

extinction spectra. 

Figure 3.6 shows the temperature profiles of the aqueous copper chalcogenide nanocrystal 

dispersions in addition to pure deionized water (i.e., without any photothermal agent), which was 

used as a control. The temperature of the aqueous PEGylated copper chalcogenide NC 

dispersions increased rapidly upon laser illumination, and reached steady state in 30 min. After 

removing the laser source, the temperature returned to ambient conditions by heat dissipation to 

the surroundings. Under identical conditions, the temperature of deionized water is only 

increased by 1.3°C relative to room temperature. In contrast, the temperatures of the aqueous 

dispersions of the copper chalcogenide NCs were increased by 10.9°C, 31.1°C, and 25.5°C in 30 

min, corresponding to Cu2-xS, Cu2-xSeyS1-y, and Cu2-xTeyS1-y, respectively. This demonstrates that 
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the copper chalcogenide NCs can efficiently convert the incident 808 nm laser energy into 

thermal energy. 

Importantly, the copper chalcogenide alloy nanocrystals easily reach the high thermal 

ablation temperatures that effectively kill cancer cells in few minutes ( > 4–6 min).21 In contrast, 

the temperature increase of the pure copper sulfide nanocrystals was not enough to induce high 

temperature thermal ablation under the same conditions. The larger temperature increase of the 

copper chalcogenide alloy nanocrystals can be explained by their large absorption cross section 

at the laser wavelength (808 nm), which can be inferred from their corresponding extinction 

spectra. This is due to the fact that nanocrystals having larger absorption cross sections can 

absorb more incident photons, more effectively converting incident photon energy into thermal 

energy.  

However, this is not a complete description because the absorption cross section of the 

nanocrystals is not the only factor leading to the observed temperature increase. In combination 

with the absorption cross section, photothermal conversion efficiency should also be taken into 

consideration. Therefore, the photothermal conversion efficiency of each sample was studied to 

evaluate its photothermal conversion performance in depth. The photothermal conversion 

efficiencies were calculated using an energy balance on the system, as suggested by Roper et 

al.40 The total energy balance for the system can be expressed as: 

∑ 𝑚𝑖𝐶𝑝,𝑖
𝑑𝑇

𝑑𝑡
= 𝑄𝑖𝑛 − 𝑄𝑜𝑢𝑡𝑖                                                  (3.7) 

where 𝑚𝑖 and 𝐶𝑝,𝑖 are the mass and specific heat capacity of component i (copper chalcogenide 

NCs and deionized water, respectively), T is the solution temperature, and t is the irradiation 

time. 𝑄𝑖𝑛 is the heat input from the laser, and 𝑄𝑜𝑢𝑡 is the heat lost to the surrounding 

environment. In the aqueous copper chalcogenide nanocrystal dispersions, the mass of 
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nanocrystals (0.0003 g of Cu) is significantly less than that of water (3 g). Hence, Equation 3.7 

can be simplified to: 

𝑚𝑤𝐶𝑝,𝑤
𝑑𝑇

𝑑𝑡
= 𝑄𝑖𝑛 − 𝑄𝑜𝑢𝑡                                                  (3.8) 

where 𝑚𝑤 and 𝐶𝑝,𝑤 are the mass and specific heat capacity of water, respectively. Since the laser 

power is fixed, the heat input will be finite. Thus, the accumulation of energy in the system will 

be zero at steady state where the heat input is equal to the heat output. 

𝑚𝑤𝐶𝑝,𝑤
𝑑𝑇

𝑑𝑡
= 𝑄𝑖𝑛 − 𝑄𝑜𝑢𝑡 = 0                                                (3.9) 

𝑄𝑖𝑛 = 𝑄𝑜𝑢𝑡 

The heat input (𝑄𝑖𝑛) term includes the energy input through light absorption of the copper 

chalcogenide nanocrystals and light absorption from the experimental cell itself, which was 

determined to be 21.5 mW (see Appendix A for calculations). 

𝑄𝑖𝑛 = 𝑄𝑖𝑛,𝑠𝑢𝑟𝑟 + 𝑄𝑖𝑛,𝑁𝐶𝑠                                               (3.10) 

where 𝑄𝑖𝑛,𝑠𝑢𝑟𝑟 is the heat input by the quartz cuvette cell and deionized water, and 𝑄𝑖𝑛,𝑁𝐶𝑠 is the 

photothermal energy converted by the nanocrystals under 808 nm laser irradiation, as given by 

Equation 3.11 

𝑄𝑖𝑛,𝑁𝐶𝑠 = (𝐼0 − 𝐼𝑡𝑟)𝜂 = 𝐼0(1 − 10−𝐴808)𝜂                                 (3.11) 

where 𝐼0 is the incident laser power, 𝐼𝑡𝑟 is the transmitted laser power, η is the photothermal 

conversion efficiency, and 𝐴808 is the absorbance of the nanocrystals at a wavelength of 808 nm. 

Furthermore, the heat output (𝑄𝑜𝑢𝑡) term can be expressed through convective heat transfer: 

𝑄𝑜𝑢𝑡 = hS(T − 𝑇𝑠𝑢𝑟𝑟)                                                    (3.12) 
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where h is the heat transfer coefficient, S is the surface area of the container, and 𝑇𝑠𝑢𝑟𝑟 is the 

ambient temperature of the surroundings. Finally, the photothermal conversion efficiency (η) of 

the nanocrystals can be determined by using Equations 3.9, 3.10, 3.11, and 3.12 as follows:   

𝑄𝑖𝑛,𝑠𝑢𝑟𝑟 + 𝑄𝑖𝑛,𝑁𝐶𝑠 = 𝑄𝑜𝑢𝑡                                                (3.13) 

𝑄𝑖𝑛,𝑠𝑢𝑟𝑟 + 𝐼0(1 − 10−𝐴808)𝜂 = hS(T − 𝑇𝑠𝑢𝑟𝑟) 

By rearranging the above equation, the photothermal conversion efficiency can be expressed as: 

𝜂 =
hS(T−𝑇𝑠𝑢𝑟𝑟)−𝑄𝑖𝑛,𝑠𝑢𝑟𝑟

𝐼0(1−10−𝐴808)
                                                (3.14) 

However, the heat transfer coefficient (h) still remains unknown for the calculation of the 

photothermal conversion efficiency. Thus, the rate of temperature drop after the laser is turned 

off was used to determine the heat transfer coefficient of each sample. When the laser is turned 

off, the heat input (𝑄𝑖𝑛) term is zero without the laser irradiation. Therefore, Equation 3.8 

becomes: 

𝑚𝑤𝐶𝑝,𝑤
𝑑𝑇

𝑑𝑡
= −𝑄𝑜𝑢𝑡 = −hS(T − 𝑇𝑠𝑢𝑟𝑟)                                    (3.15) 

Rearranging yields Equation 3.16: 

𝑑𝑇

𝑑𝑡
= −

hS(T−𝑇𝑠𝑢𝑟𝑟)

𝑚𝑤𝐶𝑝,𝑤
                                                     (3.16) 

With careful consideration, a dimensionless driving force temperature, θ, is introduced in terms 

of the maximum temperature achieved by the system, as shown below: 

θ =
T−𝑇𝑠𝑢𝑟𝑟

𝑇𝑚𝑎𝑥−𝑇𝑠𝑢𝑟𝑟
  

Differentiating both sides gives 

 dθ = (
1

𝑇𝑚𝑎𝑥 − 𝑇𝑠𝑢𝑟𝑟
)dT 
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Thus, 

𝑑θ

𝑑𝑡
= −

hS

𝑚𝑤𝐶𝑝,𝑤
θ                                                       (3.17) 

Moreover, rearranging and integrating gives Equation 3.18: 

−
𝑑θ

θ
=

hS

𝑚𝑤𝐶𝑝,𝑤
dt                                                      (3.18) 

−𝑙𝑛θ =
hS

𝑚𝑤𝐶𝑝,𝑤
t 

In addition, a characteristic time constant, 𝜏𝑠 =
𝑚𝑤𝐶𝑝,𝑤

ℎ𝑠
, is defined for convenience. Characteristic 

time constants for heat transfer from the system were determined by plotting cooling time on a 

linear scale versus the negative natural logarithm of the driving force temperature, as shown in 

Figure 3.7. 

 

Figure 3.7. Characteristic time constants for (a) Cu2−xS, (b) Cu2−xSeyS1−y, and (c) Cu2−xTeyS1−y 

NCs dispersed in deionized water. 
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As can be seen from Figure 3.7, the characteristic time constant of each sample was found, 

and the heat transfer coefficient was evaluated based on the characteristic time constant for the 

calculation of photothermal conversion efficiency. According to the above formulas for the 

determination of the heat transfer coefficient and photothermal conversion efficiency, the 

photothermal conversion efficiencies of the various copper chalcogenide NCs were calculated, 

and are tabulated with their LSPR peak wavelength in Table 3.3.  

Table 3.3. The calculated photothermal conversion efficiencies of the Cu2−xS, Cu2−xSeyS1−y, and 

Cu2−xTeyS1−y NCs and their LSPR peak wavelengths. 

 Cu2-xS Cu2-xSe1-ySy Cu2-xTe1-ySy 

Photothermal 

conversion 

efficiency (𝜂) 

45.6% 49.4% 56.8% 

LSPR peak 

wavelength 
1355 nm 990 nm 800 nm 

 

Table 3.3 shows the calculated photothermal conversion efficiencies of the Cu2−xS, 

Cu2−xSeyS1−y, and Cu2−xTeyS1−y NCs: 45.6%, 49.4%, and 56.8%, respectively. Overall, the 

calculated photothermal conversion efficiencies of the copper chalcogenide NCs reveal that they 

efficiently convert photon energy into heat energy with 808 nm laser irradiation, which is widely 

used for photothermal therapy due to its position within the NIR tissue transparency window. 

Among the copper chalcogenide nanocrystals investigated, Cu2−xTeyS1−y NCs (56.8%) possess 

the highest photothermal conversion efficiency. Moreover, as can be seen in Table 3.3 the 

photothermal conversion efficiency increases significantly as the LSPRs peak wavelength 

becomes closer to the incident excitation wavelength (808 nm), which is in agreement with 
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several other studies.2,8 These results give insights into the potential of the as-of-yet unexplored 

use of copper telluride-sulfide and copper selenide-sulfide NCs in photothermal therapy. 

 

Chapter 4. CONCLUSIONS 

In summary, the LSPR properties of copper chalcogenide alloy NCs and their potential use 

for photothermal therapy were investigated through a comparison study with copper sulfide NCs. 

Comparison of the extinction spectra of Cu2−xS (~5.2nm), Cu2−xSeyS1−y (~6.5nm), and 

Cu2−xTeyS1−y (~6.2nm) clearly shows that their LSPR properties can be actively tuned by 

controlling elemental composition. The LSPR peak positions of the copper chalcogenide alloy 

NCs are blue-shifted as larger chalcogen atoms (Se and Te) are substituted into the sulfur 

sublattice. We believe that this mainly occurs due to the stabilization of higher concentrations of 

free holes, but also as a function of changes in material properties, such as effective hole mass, 

damping rates, and mobility. 

Furthermore, the alloys have an increased absorption intensity in the NIR window (650 – 

900 nm) with identical copper concentrations, as compared to pure copper sulfide NCs. Due to 

their strong absorption in the NIR window, Cu2−xSeyS1−y, and Cu2−xTeyS1−y NCs at a Cu 

concentration of 100 ppm can increase the temperature of the aqueous dispersion by 31.1°C, and 

25.5°C, respectively, in 30 min under 2 W of incident 808 nm laser irradiation. In contrast, the 

temperature of the aqueous dispersion of pure copper sulfide NCs is increased by 10.9°C under 

the same conditions.  

The calculated photothermal conversion efficiency of the nanocrystals shows that the 

Cu2−xSeyS1−y, and Cu2−xTeyS1−y NCs possess higher efficiencies than that of Cu2−xS NCs, as their 
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LSPR peaks are more closely matched to the laser wavelength. The photothermal conversion 

efficiency of the Cu2−xTeyS1−y NCs was calculated to be 56.8%, which is higher than that of the 

Cu2−xSeyS1−y (49.4%) and Cu2−xS NCs (45.6%). Such a combination of high photothermal 

conversion efficiency and large absorption cross section enables the alloy NCs to raise the local 

temperature more effectively than that of Cu2−xS NCs with 808 nm laser irradiation.  

Since photothermal agents with high photothermal conversion capabilities can increase local 

temperature more effectively, they can potentially kill cancer cells with shorter irradiation time, 

or a lower laser power density. Therefore, it is expected that copper selenide-sulfide and copper 

telluride-sulfide NCs could be quite promising as photothermal agents for near-infrared laser 

induced photothermal therapy. 

 

Chapter 5. FUTURE DIRECTIONS 

For these materials to be implemented practically as photothermal agents, future work must 

be directed towards evaluating the cytotoxicity of copper chalcogenide alloy nanocrystals. Low 

cytotoxicity must be ensured in order to prevent damage to healthy cells. Although alloy NCs 

increase the photothermal conversion efficiency and normalized temperature increase, as 

compared to pure copper sulfide NCs, the addition of tellurium and selenium has the potential to 

increase cytotoxicity.41 Therefore, in addition to evaluating cytotoxicity, additional efforts should 

be directed towards actively decreasing the toxicity of the nanocrystals. One such strategy would 

be to intrinsically decrease the toxicity of the nanomaterial by incorporating non-toxic elements 

in place of selenium and tellurium. For example, copper bismuth sulfide (Cu3BiS3) nanocrystals 
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are potential photothermal candidates that may have lower cytotoxicity, since bismuth is 

exceptionally nontoxic to the human body, even in high doses.42  

In addition, it is possible to decrease the toxicity of chemically identical materials 

significantly by altering several physicochemical properties, such as surface chemistry, shape, 

absorption gradient and surface smoothness or roughness.41 From this viewpoint, the 

encapsulation of nanocrystals with silica shells, or other biologically-inert coatings – such as 

those implemented in widely-used systems like CdSe-ZnS core-shell quantum dots43 – could be a 

viable strategy to decrease the toxicity of these promising nanomaterials. 
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APPENDIX A 

 

 

Figure A.1. Size distribution of the (a) Cu2−xS, (b) Cu2−xSeyS1−y, and (c) Cu2−xTeyS1−y NCs 

shown in Figure 3.1. 
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Figure A.2. EDS spectra of (a) Cu2−xS, (b) Cu2−xSeyS1−y, and (c) Cu2−xTeyS1−y NCs. 

 

 

Figure A.3. Extinction spectra of (a) Cu2−xS, (b) Cu2−xSeyS1−y, and (c) Cu2−xTeyS1−y NCs 

dispersed in toluene with Cu concentrations of 100 ppm. 
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The molar extinction coefficient of the copper chalcogenide NCs was calculated 

according to the Beer-Lambert law, 

A = εLC                                                                (A.1) 

where A is the absorbance, ε is the molar extinction coefficient (M-1cm-1), L is the path length (1 

cm), and C is the molar concentration (mol/L). The molar concentration of the nanocrystals can 

be calculated as follows44: 

ε =
𝐴

𝐿𝐶
=

𝐴𝑉𝜌𝑁𝐶𝑁𝐴

𝐿𝐶𝑤𝑡,𝑁𝐶
                                                         (A.2) 

where V is the volume of nanocrystals (cm3), 𝜌𝑁𝐶 is the density of the nanocrystals (g/cm3), 𝑁𝐴 

is Avogadro’s constant, and 𝐶𝑤𝑡 is the mass concentration of nanocrystals (g/L). The values used 

in the calculation of the extinction coefficient are listed in Table A.1. 

Table A.1. Values used in the calculation of the extinction coefficient for each sample. 

 Radius (nm) Density (g/cm3) Mass concentration (g/L) 

Cu2−xS 2.6 5.6 0.1274 

Cu2−xSeyS1−y 3.25 6.67* 0.1501 

Cu2−xTeyS1−y 3.1 7.11* 0.1766 

*Densities of copper chalcogenide alloy nanocrystals were calculated on the basis of the EDS 

compositional data. 
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Figure A.4. (a) Extinction spectra of Cu2−xS, Cu2−xSeyS1−y, and Cu2−xTeyS1−y NCs dispersed in 

toluene. The corresponding full width at half-maximum (FWHM) of the extinction spectra of (b) 

Cu2−xSeyS1−y, and (c) Cu2−xTeyS1−y NCs. 

 

The charge carrier density of copper chalcogenide NCs was calculated based on their 

bulk plasmon frequency (ω𝑝), which can be expressed by the equation A.3. 

ω𝑝 = √
𝑁ℎ𝑒2

𝜀0𝑚ℎ
                                                  (A.3) 
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Prior to the calculation of the charge carrier density, the bulk plasmon frequency of the copper 

chalcogenide NCs was calculated using the relationship between the LSPR frequency (ω𝑠𝑝) and 

the bulk plasmon oscillation frequency (ω𝑝), as expressed by Equation A.4 

ω𝑠𝑝 = √
𝜔𝑝

2

(1+2𝜀𝑚)
− 𝛾2                                            (A.4) 

Table A.2. Values for calculation of the bulk plasmon frequency of the samples. 

 
𝜆𝐹𝑊𝐻𝑀 

(nm) 

𝜆𝑚𝑎𝑥 

(nm) 

𝐸𝑠𝑝  

(eV) 

𝜔𝑠𝑝  

(sec-1) 

𝐸Γ 

(eV) 

𝛾  

(sec-1) 
𝜀𝑚 

Cu2−xS - 1355 0.91 1.4 × 1015 - 1 × 1014(Ref.39) 2.25 

Cu2−xSeyS1−y 426 990 1.25 1.9 × 1015 0.54 8 × 1014 2.25 

Cu2−xTeyS1−y 676 800 1.55 2.4 × 1015 1.31 2 × 1015 2.25 

 

Using the data from Figure A.4 and Reference 39, the bulk plasmon frequencies of the copper 

chalcogenide NCs were calculated as follows: 

(a) Cu2−xS NCs 

ω𝑝 = √(1 + 2𝜀𝑚)(𝜔𝑠𝑝
2 + 𝛾2) = √(1 + 2 ∗ 2.25)((1.4 × 1015)2 + (1 × 1014)2) 

   = 3.27 × 1015𝑠𝑒𝑐−1 

(b) Cu2−xSeyS1−y NCs 

ω𝑝 = √(1 + 2𝜀𝑚)(𝜔𝑠𝑝
2 + 𝛾2) = √(1 + 2 ∗ 2.25)((1.9 × 1015)2 + (8 × 1014)2) 

  = 4.86 × 1015𝑠𝑒𝑐−1 

(c) Cu2−xTeyS1−y NCs 

ω𝑝 = √(1 + 2𝜀𝑚)(𝜔𝑠𝑝
2 + 𝛾2) = √(1 + 2 ∗ 2.25)((2.4 × 1015)2 + (2 × 1015)2) 

  = 7.23 × 1015𝑠𝑒𝑐−1 
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Table A.3. Values for calculation of the free carrier density of the samples. 

 
𝜔𝑝  

(sec-1) 

𝜀0 

(A2 ∙ sec4 ∙ 𝑘𝑔−1 ∙ 𝑚−3) 

𝑒  

(A ∙ sec) 

𝑚ℎ  

(kg) 

Cu2−xS 3.27 × 1015 8.854 × 10−12 1.602 × 10−19 0.8𝑚0 

Cu2−xSeyS1−y 4.86 × 1015 8.854 × 10−12 1.602 × 10−19 0.4𝑚0 

Cu2−xTeyS1−y 7.23 × 1015 8.854 × 10−12 1.602 × 10−19 0.39𝑚0 

The effective hole masses of Cu2−xS, Cu2−xSeyS1−y, and Cu2−xTeyS1−y were determined from Reference 39, 

13, and 45, respectively, where 𝑚0 is the electron mass (9.1 × 10−31kg). 

According to Equation A.3, the hole carrier density of the copper chalcogenide NCs was 

calculated as follows: 

𝑁ℎ =
ω𝑝

2𝜀0𝑚ℎ

𝑒2
                                               (A.5) 

(a) Cu2−xS NCs 

𝑁ℎ =

(3.27 × 1015𝑠−1)2 ∙ (8.854 × 10−12 A2 ∙ s4

𝑘𝑔−1 ∙ 𝑚−3) ∙ 0.8(9.1 × 10−31𝑘𝑔)

(1.602 × 10−19A ∙ s)2
 

   = 2.69 × 1027𝑚−3 = 2.69 × 1021𝑐𝑚−3 

(b) Cu2−xSeyS1−y NCs 

𝑁ℎ =

(4.86 × 1015𝑠−1)2 ∙ (8.854 × 10−12 A2 ∙ s4

𝑘𝑔−1 ∙ 𝑚−3) ∙ 0.4(9.1 × 10−31𝑘𝑔)

(1.602 × 10−19A ∙ s)2
 

     = 2.97 × 1027𝑚−3 = 2.97 × 1021𝑐𝑚−3 

(c) Cu2−xTeyS1−y NCs 

𝑁ℎ =

(7.23 × 1015𝑠−1)2 ∙ (8.854 × 10−12 A2 ∙ s4

𝑘𝑔−1 ∙ 𝑚−3) ∙ 0.39(9.1 × 10−31𝑘𝑔)

(1.602 × 10−19A ∙ s)2
 

  = 6.40 × 1027𝑚−3 = 6.40 × 1021𝑐𝑚−3 
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Figure A.5. TEM images of (a) Cu2−xS, (b) Cu2−xSeyS1−y, and (c) Cu2−xTeyS1−y NCs after ligand exchange. 

The images shown in Figure A.4 demonstrate successful ligand exchange with limited 

nanocrystal aggregation. 

 

Figure A.6. Temperature profile and characteristic time constant of pure deionized water. 

The heat input to the system (𝑄𝑖𝑛,𝑠𝑢𝑟𝑟) by the quartz cuvette cell and deionized water was 

calculated by using the relationship between the heat input and the heat lost to the surrounding 

environment at steady state: 

𝑚𝑤𝐶𝑝,𝑤
𝑑𝑇

𝑑𝑡
= 𝑄𝑖𝑛,𝑠𝑢𝑟𝑟 − 𝑄𝑜𝑢𝑡 = 0                                                (A.6) 

𝑄𝑖𝑛,𝑠𝑢𝑟𝑟 = 𝑄𝑜𝑢𝑡 
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Moreover, the characteristic time constant of the pure deionized water was used to calculate the 

heat output term as follows: 

𝑄𝑜𝑢𝑡 = hS(𝑇𝑀𝑎𝑥 − 𝑇𝑠𝑢𝑟𝑟) =
𝑚𝑤𝐶𝑝,𝑤

𝜏𝑠
(𝑇𝑀𝑎𝑥 − 𝑇𝑠𝑢𝑟𝑟)                           (A.7) 

=
(3𝑔) (

4.2𝐽
𝑔 ∙ °𝐶)

1405𝑠
(22.9°𝐶 − 20.5°𝐶) 

= 21.5 𝑚𝑊 

Therefore, the heat input from the surroundings upon laser irradiation for 30 min is: 

𝑄𝑖𝑛,𝑠𝑢𝑟𝑟 = 𝑄𝑜𝑢𝑡 = 21.5𝑚𝑊 

 


