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The need for less toxic quantum dots (QDs) has led to a significant number of 

investigations related to copper indium sulfide (CIS) QDs. Lower toxicity and broad 

band absorbance width makes CIS QDs appealing for light emitting diodes (LEDs), 

lasers, sensors, bio-imaging, solar cells, and computing. The optical and electronic 

properties of CIS QDs can be modified by varying their size, composition, and surface 

characteristics. CIS QDs with 1:1, 1:2, and 1:5 Cu:In ratios were synthesized, and their 

optical and chemical properties were investigated using UV-Vis, spectrofluorometry, 

Raman, and Fourier transform infrared (FTIR) spectrometry. The composition of the 

as synthesized CIS QDs were determined by energy dispersive spectroscopy (EDS), 

and their size, shape, and crystal structure were determined by using high resolution 

transmission electron microscope (HR-TEM). The as synthesized samples had 

compositions similar to the reaction precursors. Decreasing the QDs Cu:In ratio from 

1:1 to 1:2 and 1:5 resulted in a blue shifted emission from 664 nm to 640 nm and 638 

nm, respectively. The excitonic peak in the absorbance spectra shifted to higher energy 



 
 
 

 

 

with decreasing the Cu:In ratio. The 1:2 Cu:In ratio resulted in the highest 

photoluminescence quantum yield (PLQY), where the PLQY increases with Cu 

vacancies up to the 1:2 Cu:In ratio QDs and decreases afterward due to reabsorption. 

The as synthesize CIS QDs core surface was treated with an organic super acid to 

improve the surface states. The treated CIS core QDs PLQY increased by more than 

50%, compared to the untreated CIS core QDs, without affecting the optical properties. 

The organic super acid treated CIS QDs core was further passivated with ZnS and the 

resulting hybrid surface passivated CIS/ZnS QDs showed a PLQY improvement over 

66%. No significant change in size, shape, composition, emission band, and absorption 

properties were observed for organic super acid treated CIS QDs. The super acid 

improved the PLQY without significantly affecting optical, structural, and chemical 

properties of CIS QDs.   
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 Chapter One 

1. Background  

1.1 Introduction 
The research in this thesis focuses on the chemical synthesis of copper indium sulfide (CIS) 

quantum dots (QDs), surface treatment of CIS cores with organic super acid, and their 

characterization. A brief background about theory, properties, important applications of 

QDs, as well as the objective of this research is discussed in this chapter. 

Semiconductor QDs are semiconducting nanocrystals which have diameters of a few 

nanometers and show quantum confinement as the diameter becomes smaller than the bulk 

exciton Bohr radius of the material.1 QDs are also known as “artificial atoms” because they 

have a small number of electronic states that are confined in the crystal compared to the 

bulk, and the properties of the crystal can be easily varied by changing the size or shape of 

the QD.1 QDs have size and composition dependent light absorption and emission 

properties which makes them unique and excellent candidate for a wide range of 

applications.2,3,4,5,6,7  

Since their initial development in the 1970’s as quantum wells,8 QDs are being intensively 

investigated by semiconductor, and optical device manufacturing industries, and 

researchers in a wide range of disciplines such as material science, biomedical engineering, 

chemical engineering, and many other fields. Rapid progress in research and development 

has led to the successful manufacturing of optoelectronic devices that utilize QDs.8 For 

example, Sony,9 Amazon,10 Philips,11 and Samsung12 have successfully manufactured and 
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demonstrated QDs enabled displays with improved power efficiency, color quality and 

brightness. Investigations of QDs for solar cells, sensor, laser, and bio-imaging are other 

areas of application with promising results.2,5,6,13 

1.1.1 Luminescence mechanisms in semiconductor QDs 
Luminescence is the emission of light (photons) due to recombination of an excited 

electron with a hole, which results in a radiative transition between energy levels of a 

material. Electrons can be excited by photons, electrons, electrical current, and heat with 

the luminescence processes known by photo-luminescence, cathodo-luminescence, 

electro-luminescence, and thermo-luminescence respectively.3 Luminescence in 

semiconductors is a result of band-to-band de-excitation or de-excitation between defect 

states within the band gap as donor-acceptor pair recombination. Figure 1.1 below is a 

schematic of simple luminescent mechanism that can occur in semiconductor materials.  

In semiconductor photoluminescence, a photon of light impinges on a semiconductor 

material, and can be absorbed. This results in excitation of an electron from a lower electron 

energy level (ground state/valence band) to a higher electron energy level (excited 

state/conduction band), while leaving behind a hole. The excited electrons then relax and 

return to the lower energy level where the loss in energy results in emission of light 

(radiative recombination) or heat (non-radiative recombination). The emitted energy is 

usually smaller than the absorbed energy which is termed as the Stokes shift.14 However, 

the emission properties of semiconductor nanomaterials can be much more complex than 

the one proposed in Figure 1.1. 
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Figure 1. 1: Schematic illustration of luminescence mechanisms in semiconductors.  

   

Figure 1.2 is a more detailed schematic illustration showing the difference between 

electronic properties of bulk semiconductor material and their QDs. The left portion of the 

schematic shows a distribution of electronic energy levels of bulk CdSe, whereas, the right 

portion shows the discrete electronic energy levels of CdSe QDs. When the size of the 

CdSe QDs is close to the exciton Bohr radius of the corresponding bulk CdSe material, 

energy levels become discrete and the optical transitions near the band edge involve to 1S 

conduction band level for electrons and three top hole levels in the valence band.3 
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Figure 1. 2: Band structure of bulk and QDs. The left schematic shows the bulk material 
bands, and the right shows the discrete energy levels in QDs.  A bulk semiconductor has 
continuous conduction and valence energy bands separated by a fixed energy gap, while a 
QDs(right) is characterized by discrete atomic like states with energies that are determined 
by the QDs radius R [1] and composition.  
 

Different semiconductor nanocrystals have a range of luminescence mechanisms. For 

example, the luminescence mechanism of CIS is more complex and still under debate.15 

Kraatz et al. recently proposed an emission route for CIS QDs after studying sub-bandgap 

emission using femtosecond transient absorption (fs-TA) spectroscopy.15 Figure 1.3 

illustrates the proposed model where the emission in CIS QDs is not from band to band 

excitation but it is due to defect to band recombination. 
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Figure 1. 3:  Illustration of recombination pathways involving the intragap defect 
complexes [CuIn 2− (copper in place of indium substitute) + InCu 2+(indium in place of 
copper substitute)] and [InCu 2+ + 2 VCu +(copper vacancy)] in bulk CuInS2 (left) and 
quantum-confined CuInS2/ ZnS QDs (right). Solid lines represent proposed radiative 
transitions and dashed lines represent non-radiative transitions “reprinted with 
permission from [15] Copyright © 2014 American Chemical Society” 

A model for photoluminescence of CIS by studying both steady and transient PL of CIS 

QDs with different compositions have been reported by Jara et.al.16  The study suggested 

that there are two distinct transitions that results in PL emission for CIS, as shown in figure 

1.4. According to this model, the first route for PL emission is from exciton recombination 

that involves band emission, and the second is from sub-bandgap and radiative 

recombination that involves defect state emission. In addition to radiative recombination, 

excited electrons and holes can recombine non-radiatively either by (i) Auger process or 

(ii) due to trapping states.17 The Auger process is the emission of an electron instead of a 

photon where the excited electron loses energy and results in the emission of a valence 

electron.18 



   
6 

 

 

 

Figure 1. 4: Radiative transition in CIS QDs. (1) Excitonic/bandgap transition, (2) sub-
bandgap transition, and radiative recombination pathways identified with three lifetimes 
(τ1, τ2, and τ3). “Reprinted with permission from [16]. Copyright (2016) American 
Chemical Society."  

 
The second non-radiative process results from charge carrier recombination at defects or 

traps, and excited electron lose their energy in the form of heat rather than light.  

1.1.2 Size dependent luminescence of QDs 
QDs are an intermediate between bulk material and an atom/molecule.19 In semiconductor 

QDs, size affects the optical properties due to quantum confinement. Since the energy of 

holes and electrons are dependent on the level of confinement, the optical properties of 

QDs vary with their size. When the size of a nanocrystal is less than twice the Bohr exciton 

radius, the particle shows confinement.18 The Bohr exciton radius of a particle can be 

determined by: 

𝑎𝑎𝐵𝐵 = 𝜀𝜀 𝑚𝑚
𝑚𝑚∗ 𝑎𝑎𝑜𝑜         (1-1) 

Where, ε is the dielectric constant of the material, m* is the effective mass of the electron, 

m is mass of electron at rest, and ao is Bohr exciton radius of a hydrogen atom. 
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The confinement can be in one, two, or three dimensions. When the confinement is in one 

dimension it is called quantum wells, for two dimensions it is called quantum wires, and 

for three dimensions it is called QDs.  For example, a CdSe QD with a diameter of ~3 nm 

emits light in the green region (high energy) of spectrum due to high confinement, while a 

CdSe QD with a diameter of 4.8 nm emits in the red region (low energy) which is correlated 

to a reduction in confinement leading to a smaller band energy.20 The size dependency of 

energy gap can be explained by the “particle in the box” model which is inversely 

proportional to the radius of the particle (1/R).18  

 

Figure 1. 5: Cartoon, photograph, and PL spectra illustrating progressive color changes 
of CdSe/ZnS with increasing nanocrystal size.  "Reprinted with permission from reference 
[20]. Copyright (2011) American Chemical Society." 

In the atomic orbital model, the highest occupied binding orbitals correspond to the valence 

band and the lowest unoccupied antibonding orbitals correspond to the conduction band. 
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The energy difference between these bands is known as a band-gap. Energy gap of a 

spherical QDs with the radius R can be estimated by the effective mass approximation 

using the following relation.21 

 

𝐸𝐸𝑔𝑔 = 𝐸𝐸𝑔𝑔,𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 + ℎ2𝜋𝜋2

2𝑅𝑅2
� 1
𝑚𝑚𝑒𝑒

+ 1
𝑚𝑚ℎ
� − 1.8𝑒𝑒2

𝜀𝜀𝑅𝑅
                                                                  (1-2) 

 

Where: Eg is the energy gap, Eg,bulk is the energy gap of the bulk material, h is Plank’s 

constant, me is the effective mass of electron, mh is the effective mass of hole, and ε is the 

effective dielectric constant. 

The band-gap decreases with the addition of more atoms to the QDs (larger radius), and 

the lower limit of the band-gap is that of the bulk material. Thus, increasing the size of 

QDs by adding more atoms results in lower energy (red shift) emission.  Figure 1.5 shows 

size dependent change in emission for CdSe QDs by varying their diameter from 2.3 nm 

to 5.5 nm. This illustrates that some QDs can be engineered to emit throughout the visible 

and near infrared spectrum by changing only their size. 

1.1.3 Composition dependent luminescence  
The emission of QDs can also be tuned by varying material composition in the 

nanoparticle. For example, in CIS QDs emission and absorption wavelengths can be tuned 

by varying the ratio of copper to indium. For example, CIS QDs with a 1:1 Cu:In atomic 

ratio emit radiation at longer wavelengths (red color of the visible spectrum region), 

whereas, CIS QDs with a 1:4 Cu:In atomic ratio emit radiation at shorter wavelengths 
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(green of the visible spectrum region).  A wide range of control over CIS QD band gaps 

can be made by changing the Cu:In atomic ratios, QD size and shape, and the position of 

defect levels in the crystal. According to Das et.al, CIS microspheres made with a Cu:In 

atomic ratio of 0.65, and a size ranging between 1.6-3 microns, resulted in a rough surface 

texture. In contrary, CIS microspheres made with a Cu:In atomic ratio of 1.25, and a size 

ranging between 1.8-3.9 microns,  resulted in a smooth surfaces.22 Thus, indium rich CIS 

QDs tend to form smaller sized particles while copper rich CIS QDs tend to form larger 

sized particles. The increase in particle size results in smaller band gap energies and red-

shifted emission. Moreover, the density of defects on the crystal is much higher for the 

indium-rich CIS compared to the copper-rich CIS, or even stoichiometric CIS.  Figure 1.6 

depicts composition dependency of emission band shift for CIS QDs.  

 

Figure 1. 6: A CIS/ZnS QDs at different copper to indium ratio.  "Reprinted with 
permission from [25]. Copyright (2009) American Chemical Society. Increasing copper to 
indium ratio  from left to right. The two right images are obtained from Cu:In ratio of 1:1, 
the middle at Cu:In ratio of 1:2, and the two left are made at 1:4 Cu:In ratio. 
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1.1.4 Types of QDs 
Depending on how QDs are synthesized and the structure of the material, QDs can be 

classified as core, core/shell, and alloyed.  

QDs core: are the basic structure that consists of the base element of the nanocrystal from 

which it is made. CdS,23 CdSe,24 CdTe, ZnS, ZnO, PbS, and PbSe25 being some example 

of binary QDs core. Whereas, CuInS2, CuInSe2,26 InGaAs, ZnSeTe, CuGaS2, CuGaSe2, 

AgInSe2, AgGaS2, and AgGaSe2 27 are some examples of ternary core QDs. Despite very 

low photoluminescence quantum yield (PLQY) of core QDs, their optoelectronic 

properties can be tuned by varying elemental composition and the size of the nanocrystal 

as discussed above. For example, cadmium based QDs absorb at ultraviolet (UV) and 

visible wavelengths, and can be tuned to absorb in to the IR region.28 Likewise, CIS QDs 

can be tuned to emit throughout the entire visible and near IR region.29,30 

Core/shell QDs (CSQDs): the core can be passivated by a higher band gap material to 

reduce surface defects and to provide a protective layer between the core and the 

surroundings.  This structure is termed core/shell QDs, and there are two types of CSQDs. 

In type I CSQDs, the core has a smaller band gap than the shell, and the conduction and 

valence bands of the core are located within the band gap of the shell.  In type II CSQDs, 

either the conduction band or valence band of the core are located within the band gap of 

the shell.31 For type II CSQDs, the shell can effectively separate the electrons and holes, 

and may reduce the emission wavelength, compared to the core, depending on the band 

alignment of the core and shell.  Inverse structures of type I and II CSQDs can also be 

made, and these are schematically shown in Figure 1.7. 
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Figure 1. 7: Type of core-shell QDs. "Reprinted with permission from [31] Copyright 
(2015) Elsevier.” 

Examples of type I CSQDs structures include CdSe/CdS,32 ZnS/CdSe,33 and CdSe/InAs.34 

In the inverse type I system, the charge carriers are partially delocalized within the shell 

and the thickness of the shell controls the overall emission wavelength. Some examples of 

inverse type I structures include CdS/CdSe,35 and ZnSe/CdSe,36 CdS/HgS.37 In type II 

CSQDs, which include CdTe/CdSe, CdTe/CdSe, CdSe/ZnTe and CdSe/ZnTe CSQDs, one 

carrier is confined to the core and the other is mainly located in the shell.31 By selecting a 

lattice matched shell material, and passivating the core with this material, non-radiative 

recombination of electrons and holes can be minimized by reducing surface defects. 

Passivating the core with the shell improves quantum efficiencies and carrier lifetimes, and 

ultimately improves device performance.38,39,40 Passivating a surface by an inorganic shell 

reduces the challenges arising during processing of organic passivating material.1 During 

selection of a shell material, a band gap offset between the core and shell material should 
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exist to ensure that the hole and electron remain quantum confined in the core (or shell for 

inverse structures). 

Alloyed QDs: By combining a range of elements, it is possible to make alloyed QDs which 

have properties different from the parent bulk material, and provide another method to tune 

optical properties that are different from the parent bulk materials.41 Bailey and Nie, have 

synthesized alloyed CdSe0.6Te0.4 QDs where the composition strongly modifies the 

electronic energy levels, as opposed to size dependent confinement.42,43 Qian et.al. also 

synthesized ZnSe/ZnZeS alloyed QDs and obtained a quantum efficiency of 17 %.44 Jiang 

synthesized red to near IR emitting CdTexSe1-x/CdS alloyed QDs that resulted in 30 % 

quantum efficiency, and high stability to photo-bleaching.45  

1.1.5 Surface Passivation 
Surface atoms have dangling bonds due to the removal of nearest neighbor atoms, which 

results in lower coordination compared to atoms in the bulk of the crystal. These dangling 

bonds at the surface of QDs can strongly influence their chemical, physical, and 

optoelectronic properties. For example, the reduction in coordination at the surface can 

modify the melting point, solubility, absorption, and emission of QDs.18,40 Therefore, 

surface chemistry can strongly influence the optical quality of the overall QDs. 

Defects on the surface create additional electronic states within the band gap, which can 

act as traps for electrons or holes. High surface defect densities can lead to a decrease in 

quantum efficiency, due to the formation of a transition energy band and a defect mediated 

red-shifted emission defect band.4 Moreover, the surface states near the band edges can 

mix with the intrinsic states, and these can change the energy gap of the QDs.3 
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Passivation of QD surfaces can suppress the two non-radiative recombination mechanisms 

such as Auger and trap states, and enhance luminescence mainly from a reduction in non-

radiative states.46,47 Quantum efficiencies can be further improved by passivating QDs with 

organic molecules or inorganic shell structure.22,31,33,48,49,50 Increasing the 

photoluminescence quantum yield (PLQY) requires reducing surface traps using 

appropriate surface passivation. The two common surface passivation methods are organic 

and inorganic. In organic surface passivation, an organic ligand is used to cap and form a 

monolayer on the particle which can passivate (remove) trap states and stabilize the 

electronic state of the particle.  

The type of the ligand, carbon-chain length, and structure of the ligand strongly affect the 

passivation and consequently the PLQY.48 For example, a recent experiment indicated that 

CIS/ZnS QDs synthesized using octadecylamine (ODA) shows lower PLQY than a sample 

synthesized using octadecanethiol (ODT), and results in a blue shift as shown in Figure 1-

8 below.51 
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Figure 1. 8: Normalized PL spectra of CIS/ZnS QDs synthesized by different inorganic 
ligand ODA and ODT excited at 450 nm. [51] 
 

In inorganic surface passivation, an inorganic material with a similar crystal structure, and 

close lattice parameter, and a wider band gap is used to cap and remove surface dangling 

bonds and consequently enhance luminescence.  For example, CIS QDs passivated by the 

larger band gap material ZnS shows a PLQY efficiency improvement from 3-5 % for un-

passivated to 50-65 % for ZnS passivated as shown in figure 1.9 [this work]. Inorganic 

surface passivation has also been shown to increase photostability of the QDs.  
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Figure 1. 9: Normalized PL spectra of copper indium sulfide QDs before and after ZnS 
passivation. 

This dramatic increase in PLQY suggests that inorganic passivation is important for the 

removal of surface dangling bonds, especially compared to organic passivation that only 

partially removes surface dangling bonds (and has much lower PLQY). In I-III-VI type 

QDs, the issues of surface dangling bonds and deep electronic traps are more serious 

compared to the ionic II-IV systems.3 Therefore, other surface treatments such as using 

organic super acid may be necessary to achieve more efficient I-III-VI type QDs, which 

has recently been demonstrated for MoS2 monolayers.52 
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1.1.6 Lattice matched CIS/ZnS Core/Shell QDs 
CIS core QDs with lattice matched ZnS shell can be prepared by colloidal chemical 

synthesis.53 Cation exchange of CIS QDs using Zn2+ can be performed by exchanging Zn2+ 

for Cu+/In3+, followed by growth of a ZnS shell. After ZnS shell growth, the emission peak 

is blue-shifted with increasing cation exchange and shell growth time.  For longer shell 

growth times the emission remains unchanged. Figure 1.10 illustrates cation exchange and 

surface passivation in CIS/ZnS system. 

 

Figure 1. 10: Schematic illustration of CIS core and CIS/ZnS core shell structure. CIS 
(1:1) are Cu-rich, while CIS (1:4) are In-rich with Cu-rich nucleis. With Zn2+ ion 
treatment, Cu+ and In3+ ions at the surfaces of the QDs were substituted by Zn2+ ions and 
overcoated with ZnS to form CIS/ZnS. "Reprinted with permission from [ 54]. Copyright 
(2015) Elsevier.” 

 

The blue-shift of PL spectra (figure 1-9) may be attributed to cation exchange between 

Zn2+ and Cu+ / In3+, and ZnS shell formation through Zn2+ reaction with sulfur on the 
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surface of core CIS QDs. The size/shape of the CIS/ZnS QDs become homogeneous after 

the surface modification step. This blue shift is believed to occur due to cationic inter-

diffusion between the CIS core (bulk Eg = 1.53 eV) and the wider bandgap ZnS (bulk Eg 

= 3.68 eV) shell, and the formation of an alloyed material at the growth surface, resulting 

in an increase in bandgap.29  

For lower Cu/ In molar ratios, CIS QDs will have more Cu vacancies, which provide more 

vacant sites for Zn cations, and allows Zn to readily diffuse into the core. More Cu 

vacancies may result in more diffused Zn cations at the CIS surface. In addition, Cu 

deficiency lowers the VB maximum resulting in widening of the CIS QDs band gap, and a 

blue shift in emission.29 PL spectra of semiconductor NCs have shown red shifts and 

emission band broadening when the size/shape of NCs are highly inhomogeneous.46 

1.1.7 Application of QDs 
QDs have a wide range of application that includes, but are not limited to optics, 

electronics, solar cells, optoelectronics, and security. Some of these applications are 

discussed below. 

1.1.7.1 QDs for solid state lightning 
Solid state lightening (SSL) utilizes light emitting diodes (LEDs).3 LEDs have high energy 

conversion efficiency, compact structure, and longer user life compared to conventional 

lamps.3 White light SSL are used for car lights, traffic signs, displays, and general 

illumination while, multicolor LEDs are used for displays, bioimaging, and lasers. White 

light SSL uses blue LEDs, and can be made by mixing red, green, and blue QDs.55,56 A 

range of QDs are being investigated for SSL and have demonstrated remarkable progress. 
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This concept is also being applied in flat panel displays where today’s electronic industries 

use QDs in their device manufacturing to improve color and efficiency.57, 58 Sony,9 

Amazon,10 Philips,11 and   Samsung12 are some of the leading electronic industries that 

used QDs in their flat panel display products.   

 Conventional SSL architectures is based on blue LEDs combined with green, yellow, 

and/or red phosphors.3  A phosphor LED has low efficiency (25%) of converting blue to 

green and red light.3 To improve the blue converting efficiency and achieve high color 

quality, a multi-colored semiconductor light source is a promising alternative. QDs are one 

type of multicolor semiconductor material that becomes an attractive nanomaterial for next 

generation optoelectronic devices.1,13,59 This is due to their high PLQY, and high 

tuneability with high color quality and broad color gamut. Cadmium and lead based QDs 

have excellent optical properties, however these materials have high toxicity to animals 

and plants.  Significant efforts are now focused on development of QDs free from cadmium 

and lead. CuInS2/ZnS QDs are one of these promising materials that may substitute 

cadmium and lead based QDs. However, low PLQY and broad full width at half maxima 

(FWHM) of the PL spectrum have been a challenge, and may limit their application areas.   

1.1.7.2 Biomedical Imaging 
QDs can be used in place of organic dyes for medical imaging.60, 61 X-ray imaging is 

another important application of QDs, where they can be used as radiation to light 

converters in X-ray imaging systems, such as radiography, tomography, and 

crystallography.3,5,62 In an imaging system, the light conversion efficiency that determines 

the image quality is dependent on photon emitted per photon absorbed. This property also 
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affects the signal to noise ratio of the image. Luminescence decay is also another parameter 

that affects image quality in bioimaging. QDs can effectively be used as an alternative to 

conventional phosphors that offer better light conversion efficiency, high image quality, 

and flexibility to absorb and emit at specific wavelengths.  

1.1.7.3 QDs solar cell 

 
QD solar cells (QDSC) are one of the emerging areas that have shown promising results.2,63 

The energy conversion efficiency of QDs have the potential to exceed the traditional 

Shockley and Queisser limit of 32% for Si based solar cells.2 The main advantage of QDSC 

is size tunablity that allows the use of different size QDs to absorb a broad range of the 

solar spectrum. In addition, QDs possess higher extinction coefficients compared to metal-

organic dyes, and large intrinsic dipole moments leading to rapid charge separation.4 

Furthermore, in QDSC, multiple charge carriers can be generated from single photon that 

may contribute to the energy conversion efficiency.31  

External quantum efficiencies approaching 70% and power conversion efficiency of 5.6% 

were recently reported for QDSC.90 However, this number is expected to rise very rapidly 

as an increasing number of researchers are exploring different QDSC materials, designing 

photoactive nanostructure architectures, and developing inorganic-organic hybrid 

assemblies.  Environmentally friendly QDs, such as CIS, are being considered to ensure 

the clean energy goal using next generation solar cells. 
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1.1.7.4 QDs laser  
QDs lasers have not yet entered the mainstream, but may potentially lead to key 

applications. One of the unique features of QDs lasers is their gain profile is much broader 

than large dimensional media.5,64 Another feature of QDs laser is they have temperature 

independent low threshold current densities (jthr) due to their discrete energy states.5 

Moreover, high laser transparency of QDs for one exciton (one electron and one hole) in 

the ground state is another attractive feature of QDs lasers.7 These lasers can be engineered 

to emit in the UV, throughout the visible, near-infrared spectral region, and up to the mid 

IR-range. These lasers can also be incorporated into polymers, to make flexible lasers, 

which allows lasers with unique form factors.13 For example, green emitting QDs laser can 

be used for full color mobile projectors, optical data storage, and medical and military 

applications.62 Self-organized InGaN/GaN QDs lasers that emits at 524 nm have been 

reported by Zhang et. al.62 In addition, Hashbullah reported an InAs/InGaAs/GaAs green 

emitting QDs laser.64 Green QDs laser can also be made from InP,5 and potentially by 

CuInS2/ZnS through the introduction of copper vacancies in the QDs crystal and/or by 

reducing the size of the crystal.  

1.1.8 QDs synthesis 
QDs can be synthesized by physical or chemical processes.1,2,3,4,15,20 The physical method 

includes molecular beam epitaxial growth, chemical vapor deposition, and vapor-liquid-

solid approaches.1,7,52,65,66, These methods are categorized as high temperature synthesis 

methods.1 The chemical synthesis approach is categorized as low temperature synthesis or 

colloidal chemistry. The colloidal QDs consist of inorganic cores passivated by organic 

ligands. The organic ligand is a separating medium located on QD surfaces to prevent 
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agglomeration and uncontrolled growth. In addition, the organic ligand can help modify 

the reactivity and solubility of QDs with different solvents, or attach large molecules for 

functionalized QDs. Below we discuss the colloidal synthesis method (chemical 

processes), and the molecular beam epitaxial growth method (physical processes).   

Chemical synthesis (colloidal chemistry): in this approach precursor solutions that contain 

the metal cation source and anion source in a solvent and/or ligand is mixed and allowed 

to react by applying some energy (heat).55 The reaction has a controlled nucleation phase 

where many nucleation centers are formed, and a growth phase where large particles are 

grown by the incorporation of smaller (and less stable) particles following Ostwald 

ripening.  

Nucleation: is the first step in the synthesis process. Due to density fluctuations in the 

medium, two or more atoms can react to initiate formation of a small thermodynamically 

stable crystalline structure which is known as a nuclei.1  

Growth: deposition of monomers on the surface of the nuclei is called growth. To initiate 

a growth process, an excess of monomer is normally added. At the first stage of growth, 

the rate of growth depends on the reaction rate at the surface of the crystal. After the 

monomers in the reaction solution are depleted, the rate is dictated by diffusion of 

monomers to the crystal surfaces. When the critical radius of the nanocrystal is larger than 

the radius of the smallest nanocrystal, Ostwald ripening takes over where the smallest 

crystals melts to free monomers and the larger nanocrystals incorporate the free monomers 
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in their structure. Figure 1.12 depicts the process of colloidal chemical process that includes 

nucleation and growth steps. 

 

Figure 1. 11: Schematic illustrating La Mer’s model for the stages of nucleation and 
growth for monodisperse colloidal particles. "Reprinted with permission from [67]. 
Copyright (2000) Annual Reviews.” 

 

The synthetic procedure for CIS QDs will be discussed in more detail in the experimental 

and methodology section in the next chapter. Here we only discuss the general colloidal 

QDs synthesis. 

Physical process (molecular beam epitaxial growth): This method involves the deposition 

of semiconductor materials on a substrate surface at high or ultra-high vacuum.68,69 This 

method follows the Stranski-Krastanov mode of growth on a wetting layer.7 Stranski– 
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Krastanov growth mode results in the formation of small islands of semiconductor material 

after deposition of 4-5 monolayers on a substrate layer, where the islands contain only a 

few thousand atoms. Epitaxial growth can be made by evaporation, sputtering, or molecular 

beam deposition. Epitaxial methods can be classified as vapor phase epitaxy (VPE) and 

liquid phase epitaxy (LPE) according to phase origin. 

 

Figure 1.12: Illustration of island formation during epitaxial growth of a semiconductor 
material (red) on top of another semiconductor with a smaller (by a few percent) lattice 
constant (blue). "Reprinted with permission from [7]. Copyright (2011) Applied Physics 
Letters.”  

VPE further classified as chemical vapor deposition (CVD) and physical vapor deposition 

(PVD) according to the process.92 VPE from metalorganic (MOVPE) is the most widely 

used technique in industry.53 Molecular beam epitaxy (MBE) is another PVD method and 

can be classified as solid source MBE, and gas source MBE (hydride or metalorganic). 

CVD is another widely-used technique that uses either plasma, heat, UV, or other energy 

source or a combination of these to activate molecules for deposition on surfaces.65,68,70  
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1.1.9 Photoluminescence quantum yield determination 
When QDs are excited by light, an electron leaves the ground state and an energetically 

excited state is formed. Depending on the nature of the QD, and its surroundings, the 

electron returns to the ground state by losing energy. The main, and desirable process, 

which occur is fluorescence (loss of energy by emission of a photon).71 Internal conversion 

and vibrational relaxation (non-radiative loss of energy as heat to the surroundings), and 

intersystem crossing to the triplet manifold result in non-radiative recombination.1 

Roughly, PLQY is the ratio of photons emitted to photons absorbed. PLQY gives the 

probability of fluorescence rather than by non-radiative mechanism.  

Quantum yield =  number of emitted photons
number of absorped photons

    (1-3) 

Detailed PLQY quantification methods are discussed in chapter two in the experimental 

and method section. 

1.1.10 Copper Indium sulfide QDs 
Ternary I−III−VI2 type chalcopyrite semiconductor QDs, that includes CuInS2, CuGaS2, 

AgInS2, CuInSe2, and AgGaS2 are the new frontier for QDs materials.72 These nanocrystals 

exhibit promising absorption and emission properties, while having lower toxicity than Cd 

or Pb based QDs. Ternary QDs have high absorption coefficients α > 104 cm-1, and can be 

readily doped p-or n-type.73   

CuInSe2 has been studied as a material for solar cells and energy conversion efficiencies 

up to 18.8% has been reported.74 CIS in other hand has been extensively studied as an 

environmental friendly QDs, which has decent optical properties. CIS can be size and 

composition tuned to absorb and emit in the visible and near infrared regions.20, 30,39,46,53, 
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75,76 CIS is a good candidate which can be used in place of lead, cadmium, and other toxic 

heavy metal based QDs for photovoltaic, imaging, lighting, and display devices. The low-

toxicity of CIS QDs makes them preferable, and compatible, for a range of device 

applications.40,77,60, 78 Moreover, the 1.53 eV band gap of bulk CIS and their broad emission 

band makes them preferable for solar cell. 

CIS synthesized using different methods with different ligands shows a wide range of 

PLQYs. For example, Fitzmorris et. al. synthesized CIS/ZnS QDs by continuous flow 

methods using microwaves for nucleation and an oil bath for the growth stage.79 In this 

study, oleylamine was used as a ligand and a PLQY of 65% was demonstrated. Kim et.al. 

reported 65% PLQY of CIS/ZnS that emits at 780 nm from solvothermal process using a 

one pot method and with DDT as a ligand.80 Li et al. reported a PLQY of 67% from 671 

nm-emitting CIS/ZnS and 86% from 709 nm-emitting CIS/CdS QDs by using DDT as a 

solvent and ligand.40 Woo-Seuk Song and Heesun Yang have demonstrated that CIS/ZnS 

QDs have been synthesized by a hot colloidal route and reported to emit between (665−717 

nm) and have a PLQY between (68-78%).77 Chuang and coworkers also synthesized 

CIS/ZnS by solvothermal routes with different Cu/In ratios, and reported that by decreasing 

the Cu/In ratio from 1/1 to 1/4 they can control emission between 558 to 618 nm, and have 

a PLQY between 44-81%.39 However, the PLQY of CIS/ZnS has not yet achieved the 

high PLQY values of their equivalent lead and cadmium based counterparts.81,82,83 To date 

CIS/ZnS QDs are too inefficient to be used in most of the optical devices discussed in the 

previous pages. To alleviate this problem, we are investigating a surface treatment method 

to eliminate surface traps and improves the PLQY of CIS QDs.  
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Luminescence Mechanisms in CIS QDs: The three dominant luminescence transitions for 

CIS are from the conduction band to surface defect level, from the conduction band to an 

acceptor level, and from the donor level to an acceptor level.15, 72 It has been suggested that 

donor states include sulfur vacancies (VS), interstitial indium ions (Ini), and substitutional 

indium at Cu sites (InCu). While the acceptor states include copper vacancies (VCu), indium 

vacancies (VIn), and substitutional Cu in indium sites (CuIn).30,79 Numerous studies indicate 

that the PL of CIS QDs is associated with the surface-related recombination and donor 

acceptor (DAP) transitions.2,47 

The following schematic diagram shows the different luminescence mechanism of CIS 

proposed by Wang et. al..47  

. 

Figure 1. 12: Schematic diagrams of the electronic energy levels of donor (VS, Ini, InCu) 
and acceptor (Vin, CuIn, VCu) states in In-rich CIS quantum dot. “reprinted with 
permission from [47]. Copyright (2015) Elsevier.” 

The three luminescence routes in the CIS are given in figure 1-12 and includes the 

quantized conduction band state (CB) to the surface defect (DS) (Ʈ1 pathway); from CB to 
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a localized intragap state (Ʈ2 pathway); DAP recombination from intrinsic donor states 

(DD) to intrinsic acceptor states (DA) (Ʈ3 pathway).47 The band gap energy and emission 

peak energy of CIS QDs increases with high In:Cu molar ratios or high copper vacancy 

defects.30 As such, emission critically depends on the CIS stoichiometry. Liu et.al. reported 

that the wavelength differentials for absorbance and PL spectra for copper deficient CIS 

samples were ~431 meV, where the excitonic recombination differential is 100 meV.30 

This data suggests that the wavelength differential obtained for copper deficient CIS QDs 

is too large to be a result of excitonic recombination, rather it corresponds to defect related 

surface recombination.30 Overall, the transitions from CB to VIn and/or CuIn and from VS 

and/or Cui to VB are dominant for the Cu-rich CIS QDs whereas, the transitions from VS 

to VCu and InCu to VCu, are dominant for the In-rich CIS QDs.30,47 For stoichiometric CIS 

the size of the nanocrystal controls the energy of the bands.46 As the size decreases the 

energy of conduction band increases, which results in band gap widening.39,47 The valence 

band is affected very slightly, where the size of a crystals does not significantly affect the 

valence band of stoichiometric CIS QDs. Thus, for stoichiometric CIS QDs, emission is 

dominated from conduction band to defect states, and not from donor acceptor 

recombination.30, 73 

 Based on the above discussion, the PL emission of CIS QDs comprises three types of 

recombination which are surface-related recombination, CB–VIn and/or CB–CuIn 

recombination, and DAP defect recombination. 
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1.2 Objective of this research 
The important parameters that can be used to select between QDs materials are quantum 

efficiency, emission width, and the toxicity level of the material from which the QDs are 

made. The QDs that are used in display devices discussed above are primarily made from 

cadmium based QDs such as CdS, CdSe, CdTe; lead based QDs such as PbS, and PbSe 

and other QDs like InP.5,725,63,84,85,86 These QDs give high quantum yield and narrow 

emission bands. The drawback of these materials is their high toxicity for animals and 

plants. The need for less toxic QDs has led to significant research on CIS QDs.27,40,78,87,88 

However, the quantum efficiency and large FWHM of CIS QDs has not yet achieved that 

of lead and cadmium based QDs and limits their application in most optoelectronic devices. 

To alleviate this problem, we present a novel surface treatment that employs organic super 

acid to reduce surface defect traps. Reducing surface defects limits non-radiative 

recombination of charge carriers and results in improved quantum efficiency. 
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Chapter Two 

2. Experimental and methods 

In this chapter the procedures used for the synthesis of copper indium sulfide (CIS) core 

quantum dots (QDs), ZnS shell growth, organic supper acid surface treatment of CIS cores 

QDs, and CIS QD characterization techniques are discussed.  

2.1 Materials 

All chemicals and solvents were used as purchased, unless otherwise stated. Chemicals and 

solvents used for synthesis were stored in a glove box that has an oxygen and moisture 

content below 0.5 ppm. 98% 1-dodecanethiol (DDT), 98% copper(I) iodide, and 99% 1,2-

dichlorobenzene (DCB) were purchased from Acros Organics. Diphenylphosphine (DPP), 

97% zinc acetate dihydrate, 99.99% indium (III)acetate were purchased from Alfa Aesar.   

Bis(trifluoromethane)sulfonamide (TFSI) and 1,2-dichloroethane (DCE) were purchased 

from Sigma Aldrich.  

2.2 Methods 

2.2.1 Synthesis  

In this section, we discuss the colloidal synthesis method for CIS QDs used in this study. 

The colloidal synthesis uses organic ligands called stabilizers, or surfactants, that results in 

stable colloidal QDs solutions. Organic ligands have two purposes. First, the ligand bonds 

to the surface of the QDs and creates an energy barrier between particles that limits 



   
30 

 

 

aggregation.55 This allows colloidal solution stability and improves the solubility of QDs 

in a range of solvents, depending on the ligand. Second, the ligand acts as surface 

passivation that controls surface defect chemistry and protects the particle from the 

surrounding environment.1,29 In this study, 1-dodecanthiol was used as both ligand and 

solvent which allows high solubility of the QDs in non-polar solvents.   

2.2.1.1 Typical CIS core QDs synthesis 

The CIS core QDs synthesis method is adapted from prior methods.79 To prepare CIS core 

QDs with stoichiometric atomic ratios of copper and indium we use the following 

procedure. First, 0.45 mmol copper iodide and 0.45 mmol indium acetate were dissolved 

in 12 mL of DDT using a 30 mL vial. The mixture of the two metal salts and the DDT 

ligand/solvent gives a colorless to light yellow metal source solution. Studies have shown 

that the copper to indium atomic ratio can be adjusted to optimize the photoluminescence 

quantum yield (PLQY), which allows for the tuning of the emission and absorption 

bands.30,89 Next, the sulfur precursor was prepared in a separate vial where 0.9 mmol sulfur 

powder was dissolved in 1.1 mmol DPP and the mixture was heated to 50°C until the sulfur 

was completely dissolved. 8 mL of DDT was added to the DPP-sulfur (DPPS) mixture and 

stirred until the solution was clear and colorless. The DPPS solution and metal solution 

were combined in a three necks flask where the solutions were at room temperature. The 

three necks flask was then attached to a Schlenk line as shown in figure 2.1. This mixture 

was then stirred overnight under vacuum to insure complete mixing and removal of 

dissolved oxygen. 
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Figure 2. 1: Schematic of reaction apparatus and attachment of reactor with Schlenk line 
(left) and photograph of the reactor system attached to a Schlenk line. 

The following elementary reaction mechanism depicts the reaction steps of the CIS QDs 

synthesis.  

𝐶𝐶𝐶𝐶𝐶𝐶 + 𝐶𝐶𝐶𝐶3(𝐶𝐶𝐶𝐶2)10𝐶𝐶𝐶𝐶2𝑆𝑆𝐶𝐶 → 𝐶𝐶𝐶𝐶(𝑆𝑆𝐶𝐶𝐶𝐶2(𝐶𝐶𝐶𝐶2)10𝐶𝐶𝐶𝐶3) + 𝐶𝐶𝐶𝐶                           (2 − 1) 

𝐶𝐶𝐼𝐼(𝐴𝐴𝐴𝐴)3 + 3𝐶𝐶𝐶𝐶3(𝐶𝐶𝐶𝐶2)10𝐶𝐶𝐶𝐶2𝑆𝑆𝐶𝐶 → 𝐶𝐶𝐼𝐼(𝑆𝑆𝐶𝐶𝐶𝐶2(𝐶𝐶𝐶𝐶2)10𝐶𝐶𝐶𝐶3)3  + 3𝐶𝐶𝐶𝐶3𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶                   

𝑆𝑆 + 2(𝐶𝐶6𝐶𝐶6)2𝑃𝑃𝐶𝐶 +  𝐶𝐶𝐶𝐶3(𝐶𝐶𝐶𝐶2)10𝐶𝐶𝐶𝐶2𝑆𝑆𝐶𝐶

→    𝑆𝑆((𝐶𝐶6𝐶𝐶6)2𝑃𝑃𝐶𝐶)2  +    𝐶𝐶𝐶𝐶3(𝐶𝐶𝐶𝐶2)10𝐶𝐶𝐶𝐶2𝑆𝑆𝐶𝐶    

𝐶𝐶𝐶𝐶1+ + 𝐶𝐶𝐼𝐼3+ + 2𝑆𝑆2− → 𝐶𝐶𝐶𝐶𝐶𝐶𝐼𝐼𝑆𝑆2 
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Figure 2. 2: Photograph of different stages of CIS QDs synthesis process. (A) A CIS 
precursor in three neck flusk attached to a Schelenk line, (B) CIS core after synthesis, (C) 
CIS/ZnS after shell growth, washing with methanol, and centrifuging several times, and 
(D) a CIS QDs in a DDT ligand. The photograph was taken with white light illumination. 

The reaction mixture was used within 24 hours to avoid decomposition or unintended 

reactions. Oxygen was removed from the reaction solution by purging with argon, followed 

by several vacuum pumping cycles using a Schlenk line.  

(D) 

CIS precursor CIS core CIS/ZnS 
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The mixture was then heated to 165oC with vigorous stirring in an argon atmosphere for 

two hours. The CIS cores were collected in a septum topped oxygen free vial by pipetting 

with an air tight syringe. The CIS cores were stored in a glove box until further processing 

or analysis.  

To separate the QDs from excess DDT ligand and solvent, precipitation by an anti-solvent 

and centrifugation was employed. The as-synthesized CIS core were washed and 

centrifuged first with methanol, then with mixtures of ¾ methanol and ¼ acetone to remove 

excess ligands, unreacted material, and undesired byproducts. Finally, the QDs were 

resuspended in toluene and stored until further use. 

CIS-QDs with 1:1, 1:2, and 1:5 Cu:In atomic ratio were prepared to investigate the optical 

properties with different compositions. Table 1.3 gives the material used and their 

proportion for synthesizing each sample. The procedure used to synthesize all samples 

follow the same steps described above for the stochiometric sample. 

2.2.1.2 Cation exchange and shell growth 

Cation exchange: As with the CIS core synthesis, the cation exchange and formation of 

ZnS as a shell on CIS core QDs was achieved through a colloidal process under argon gas 

flow. The ZnS shell deposits onto the CIS core through the pyrolysis of zinc and sulfur 

organometallic precursors into zinc and sulfur ions, forming ZnS (Figure 2.3). 3 mmol zinc 

acetate dihydrate, 6.6 mmol oleic acid and 14 mL DDT were mixed in a three-necked flask 

to obtain the zinc oleate solution. The flask was attached to a Schlenk line where the 

solution was heated to 120 °C under argon, and was degassed overnight with stirring to 
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remove any residual gasses and water. The solution temperature was then reduced to 60 

°C, and 10-15 mL of the clean CIS core QDs solution was added into the flask using an air 

tight syringe. The mixture was degassed and purged with argon for 30 minutes to remove 

any trace oxygen and washing solvent. The mixture was vigorously stirred and the 

temperature was quickly raised to 255 °C for 30 to 90 minutes for the Zn cation exchange 

process. 

Shell growth: 3.2 mmol of DPP, 3.1 mmol sulfur, and 12 g of DDT was mixed to form a 

DPPS solution in a second vial for shell growth. This solution was added dropwise to the 

CIS cation exchanged solution at 220 °C to grow the ZnS shell.  

 

Figure 2. 3: A photograph of CIS QDs core and CIS/ZnS core/shell solution in UV light 
illumination (A) and a carton of the CIS core and CIS/ZnS core/shell QDs particle. After 
ZnS shell growth, the emission band blue shifted and the PL intensity increased.  

After dropwise addition of the DPPS precursor the ZnS shell growth was performed for 16 

to 24 hours at 220 °C with continuous stirring to ensure complete ZnS shell growth on the 

CIS core. The amount of ZnS precursor injected and growth time affects the shell formation 

on the CIS cores. The zinc to sulfur ratio in the ZnS precursor solution and the amount of 

the precursor solution injected during the coating process is proportional to the thickness 

of the ZnS shell.51 Figure 2.3 shows a schematic of ZnS shell growth process for CIS QDs.  
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Figure 2. 4: Passivating QDs with higher band gap inorganic material (CIS core and 
CIS/ZnS core shell QDs). “adopted from [46]. Copy right (2015) with permission from 
Elsevier”. 

Cleaning: The solution containing CIS/ZnS QDs were washed and centrifuged first with 

methanol, then with mixtures of ¾ methanol and ¼ acetone to remove excess ligands, 

byproducts, and unreacted material. Finally, the QDs were resuspended in toluene and 

stored until further use and analysis. 

2.2.2 Surface treatment of CIS core with organic super acid  

In this study an organic super acid was used to treat the surface of the CIS core. The goal 

of this treatment was to reduce the number of surface defects and improve the PLQY of 

CIS/ZnS QDs.  The organic super acid used for this study was 

bis(trifluoromethane)sulfonamide (TFSI), which has previously been shown to be effective 

for the treatment of MoS2 monolayer.52  
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Preparation of TFSI solution: 20 mg of TFSI was dissolved in 10 mL of 1,2-dichloroethane 

(DCE) to make a 2 mg/mL TFSI solution. The solution was further diluted with DCE to 

make a 0.2 mg/mL TFSI stock solution. This stock solution was used within one month of 

preparation to avoid aging. The TFSI stock solution was prepared and stored in a glove box 

free from oxygen and moisture.   

Surface treatment of CIS core QDs with TFSI: The typical TFSI treatment of CIS core QDs 

was made as follows: 2 mL from stock solution was mixed with 4 mL cleaned CIS core 

solution in a tightly closed 20 mL vial in a glove box. The mixture solution was vigorously 

stirred for 2 hours on a hotplate set to 100°C in the glove box. The mixture was then 

removed from the heat and cleaned by centrifuging with methanol to remove excess TFSI. 

Finally, the cleaned TFSI treated CIS core QDs were dispersed in toluene and stored in an 

air free, dark environment until further use.  

2.2.2.1 Determination of optimum temperature for TFSI treatment  

The TFSI procedure described above was repeated, but with variation of the treatment 

temperature. Samples were prepared by mixing 2 mL of the cleaned CIS core solution and 

2 mL stock TFSI solution.  Theses mixtures were stirred on a hot plate at four different 

temperatures (25°C, 70°C, 100°C, and 150°C) for two hours in the glove box. The TFSI 

treated CIS core QDs were washed with methanol to remove excess TFSI by 

centrifugation, and redispersed in toluene. The treated core QDs were analyzed by the UV-

Vis absorption and fluorescence spectroscopy and PLQY was determined for each sample. 
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2.2.2.2 Determination of optimum TFSI treatment time   

The same TFSI treatment procedure described above was repeated, but for a range of 

treatment times. Samples for optimization of the treatment time were prepared by mixing 

2 mL of the cleaned CIS core solution and 2 mL stock TFSI solution.  The mixtures were 

stirred on a hot plate for different lengths of time (specifically from 5min, 30 min, 1hr, 2hr, 

3hr, 6hr, and 12hr) at 100oC. The TFSI treated CIS QDs core were washed with methanol 

to remove excess TFSI by centrifugation and were redispersed in toluene. The treated core 

QDs were analyzed by the UV-Vis absorption and fluorescence spectroscopy and PLQY 

were determined for each sample. 

2.2.2.3 Determination of optimum TFSI concentration 

The same TFSI treatment procedure described above was repeated to obtain the optimal 

TFSI concentration. Samples were prepared by mixing 2 mL of the cleaned CIS core 

solution with 0.5mL, 1mL, 2 mL, or 4mL of the stock TFSI solution in separate vials.  The 

mixtures were stirred on a hot plate at 100oC for two hours. The TFSI treated CIS QDs 

core were washed with methanol to remove excess TFSI by centrifugation and redispersed 

in toluene. The treated core QDs were analyzed by the UV-Vis absorption and fluorescence 

spectroscopy and PLQY were determined for each sample. 

The PLQY of each sample from the above studies were compared and the treatment 

conditions that gave the highest PLQY was chosen as the optimal TFSI condition. 
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2.2.3 Characterization Techniques 

2.2.3.1 Absorbance and Photoluminescence measurement 

Absorbance spectra:  Unlike their bulk materials, which have uniform absorption spectra, 

QDs absorption spectra have overlapping peaks with discrete energy levels.1,3 The first 

exciton peak indicates the lowest excited energy state and depends on both the composition 

and size of the QDs.62 Smaller QDs result in a first absorption peak at shorter wavelengths 

and will be red shifted when the particle size is increased. The absorption spectrum of a 

sample was obtained by measuring the fraction of radiation absorbed by the QDs sample 

for a given wavelength. The absorbance is the difference between the intensity of the 

incident radiation and the intensity of transmitted radiation passing through the sample.  

 

Figure 2. 5: Schematic for a UV-Vis spectrophotometer (Image from Wikipedia Commons) 

Figure 2.5 shows the basic working principle of a UV-Vis spectrometer. Radiation from a 

source lamp with a range of wavelengths is passes through a monochromator where certain 

Mercury lamp 
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wavelength of light is filtered and directed through a sample, and a detector records which 

wavelengths are absorbed and the relative amount that are transmitted through the sample. 

The wavelength where absorption occurs and their relative intensities depend on the 

electronic and molecular structure of the QDs sample. The absorption wavelength also 

depends on the interactions between molecules in the sample, the crystal structure in solids, 

and environmental factors.45 According to Beer-Lambert law (A = ƖɛC, where A is the 

absorbance, ɛ is extinction coefficient, Ɩ is the path length of the cuvette, and C is the sample 

concentration), within a low concentration range, the absorbance is proportional to the 

concentration of the particles in the sample. The Y-axis of absorption spectra is the 

absorbance as a fraction of absorbance and the X-axis is the wavelength of the radiation in 

nanometers.  

Room temperature absorption spectra were recorded using a VARIAN CARY 300 UV-Vis 

Spectrophotometer which uses deuterium and mercury lamps as a radiation sources. In 

order to minimize re-absorption effects, absorbance was kept below 0.1 above the 

excitation wavelength (450 nm) for all samples. Automatic bassline corrections were used 

for all samples. The scan rate was 600 nm/min with a full slit height.  

Photoluminescence spectra: Light emission from a sample after excitation with light is 

measured for photoluminescence studies. The basic working principle of a 

spectrofluorometer (figure 2.6) is that light from an excitation source passes through an 

excitation monochromator where the light is filtered to provide the desired excitation 

wavelength. The excitation light passes through a slit and impinges onto the sample. Some 

portion of the incident light is absorbed by the sample, and the sample emits light at certain 
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wavelengths. The emitted light passes through an emission monochromator to a detector, 

which is usually placed 90° to the incident light beam so that transmitted or reflected 

incident light reaching the detector is minimized. In simple filter spectrofluorimeters, the 

wavelengths of excited and emitted light are selected by filters which allow measurements 

to be made at any fixed wavelength. The Y-axis of photoluminescence (PL) spectra gives 

the PL intensity in counts and the X-axis is the wavelength of the emitted radiation in 

nanometers. In this study, a Horiba Jobin Yvon Fluorolog-3 spectrofluorometer using 

450W Xenon lamp as a light source, was used to measure the photoluminescence (PL). 

 

Figure 2. 6: Schematic diagram of the fluorescence spectroscopy set up for this study. 

Adjustable excitation wavelengths from 200 to 700 nm can be obtained through an 

excitation monochromator. All-reflective optics in the compartment reflect all emitted light 

from the sample, ensuring that the collected signal is not affected by the focal level of the 
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light. An emission monochromator is used for obtaining the wavelength of the emitted 

photons with wavelength range from 455 to 900 nm. 

The absorbance and PL spectra were obtained from clean QDs which were dispersed in 

toluene. A 1 cm path length glass cuvette was used for both absorbance and PL 

measurements.  PL was measured 90° to the excitation beam to reduce the amount of 

excitation light that makes it to the detector so that almost all the light hitting the detector 

is due to the fluorescence of the sample. 

2.2.3.2 Photoluminescence quantum yield determination  

Photoluminescence quantum yield: When QDs absorb a photon of light, an electron will 

be transition to an excited state and ultimately relax to its ground state by several competing 

pathways. An electron relaxation process where light is emitted is known as fluorescence. 

The excited electron may undergo internal conversion or vibrational relaxation (non-

radiative recombination pathways) which will release heat to the surroundings. Another 

deexcitation path is the emission of an electron through the Auger process. The excited 

electron may also relax through intersystem crossing to a triplet state and subsequent non-

radiative relaxation. 

PLQY is a measure of the probability of the relaxation of an electron from an excited state 

to a ground state by fluorescence rather than any of other non-radiative recombination, i.e. 

photon emitted per photon absorbed. 

PLQY was determined for the CIS QDs by a comparative method which uses a well 

characterized standard with a known PLQY value. Rhodamine 6G in ethanol solution was 

used as the reference standard for these studies, where it has a PLQY of 95% using a 450nm 
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excitation.42 The reference standard itself was cross calibrated by another standard, ink 

crystal violet, which has a PLQY of 56% when using a 450nm excitation.43 The standard 

sample was chosen to ensure that it absorbs light at the excitation wavelength and emits in 

a similar region as the CIS QD samples. The ratio of the integrated normalized fluorescence 

intensities of the reference and the sample, recorded under identical conditions, provides 

the ratio of the quantum yield.43 Absolute PLQY values can be obtained using the reference 

standard according to the following equation.44  

 

PLQY = PLQYref× � η2

ηref
2 �× � I

Iref
�× �Aref

A
�         (2-2) 

Where 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑟𝑟𝑒𝑒𝑟𝑟 is the PLQY of the reference standard, η and 𝜂𝜂𝑟𝑟𝑒𝑒𝑟𝑟 are the refractive index 

of the sample and the reference standard, respectively. 𝐶𝐶 𝑎𝑎𝐼𝐼𝑎𝑎 𝐶𝐶𝑟𝑟𝑒𝑒𝑟𝑟 are the integrated 

fluorescence intensities of the sample and reference standard, respectively. 𝐴𝐴 𝑎𝑎𝐼𝐼𝑎𝑎 𝐴𝐴𝑟𝑟𝑒𝑒𝑟𝑟 are 

the absorbance of the sample and the reference standard, respectively.  

To avoid PLQY variation with concentration, both absorption and PL were recorded at five 

different concentrations for each sample. To determine the PLQY the following steps were 

used.   
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Figure 2. 7: Integrated PL intensity versus absorbance at excitation wavelength graph. A 
linear plot for reference standard and the CIS QD sample at different concentrations. The 
gradient for each sample is proportional to that sample’s fluorescence quantum yield.  

First, the integrated PL intensity (area under PL spectrum from the fully corrected PL 

spectrum) versus absorbance at 450 nm for the samples and standards was plotted as shown 

in Figure 2.7.  The graph of integrated PL intensity versus absorbance resulted in a straight 

line with slope m, and y-intercept = 0. The absolute PLQY can be determined by obtaining 

the slope of the sample and the standard from the graph, and substituting into the following 

equation.47 

 

PLQY = PLQYref× � η2

ηref
2 �× �Gradsample

Gradref
�     (2-3) 

Where Grad is the slope from the plot of integrated PL intensity versus absorbance.  

Using the gradient instead of simply dividing the integrated PL by absorbance ensures 

linearity over the measured concentration range.71  
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Determination of full width at half maxima (FWHM): The FWHM of emission spectra 

provides information about the size and composition distribution of the QDs in a sample. 

A smaller FWHM corresponds to a narrower QDs nanocrystal size distribution and it 

implies higher purity of color. A broadening of the PL spectral can be related to a 

distribution of emission energies.  

 

Figure 2. 8: An illustration how to determine FWHM 

2.2.3.3 Fourier Transform Infrared Spectroscopy (FTIR) 

Attenuated total reflectance Fourier transform infrared spectroscopy (ATR FTIR) was used 

to study the functional groups, and identify molecular species present on the CIS core and 

CIS/ZnS QDs before and after TFSI treatment. The theory behind FT-IR is that molecular 

bonds have characteristic vibrational frequencies that absorb certain wavelengths of 
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radiation. This leads to spectra having features associated with molecular bonds from 

various functional groups with well-defined vibrational frequencies.90 

FTIR absorption spectra were collected using a Nicolet 6700 FTIR spectrophotometer with 

an attenuated total reflection (ATR) accessory (Thermo Scientific) using (Deuterated 

Tri Glycine Sulfate (DTGS) KBr detector and KBr beam splitter. The infrared beam was 

focused normal to the 45° beveled edge of the trapezoidal diamond ATR crystal (5 × 1 × 

0.1 cm3). A drop of CIS QDs, suspended in hexane, were drop casted onto the diamond 

ATR crystal and their FTIR spectrum was obtained while the sample was in liquid state.   

2.2.3.4 Raman spectroscopy 

Raman spectroscopy is a vibrational molecular spectroscopic technique which resulted 

from inelastic light scattering. In Raman spectroscopy, a laser photon is scattered by a 

sample and loses (or gains) energy during the process.91 Thus, the amount of energy lost is 

seen as a change in energy (wavelength) of the irradiating photon. This energy loss is a 

characteristic finger print for a particular bond in the molecule.45 A Raman spectrum is 

presented as an intensity in counts versus-Raman shift in cm-1. 

Raman measurements were carried out using a Horiba LabRAM HR800 confocal Raman 

spectrometer with a 532 nm HeNe (1.2 mW) laser using a notch filter. The Raman signals 

were detected using a Synapse charge coupled device with a 1200 g/mm grating and was 

focused using 100× objective. The confocal pinhole was set to 100 μm. Raman scattering 

was collected from dried thin films of CIS QDs which were drop casted on glass substrates 

from a concentrated solution of QDs dispersed in hexane. 
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2.2.3.5 Energy Dispersive Spectroscopy  

Energy dispersive X-ray spectroscopy (EDS) uses X-ray spectra to identify and quantify 

the elements present in a sample.92 EDS helps to identify the elements and chemical 

composition of a sample (for example, atomic %).  

The Y-axis of the EDS spectra shows the counts (number of characteristic X-rays detected) 

and the X-axis shows the photon energy in nanometers. The EDS software assigns the 

energy of the emitted X-rays with specific elements and their shell levels. Figure 2.8 shows 

schematic representation of how characteristic X-rays are generated in an EDS system. 

 

 

Figure 2. 9: Characteristic X-ray production in EDS 

Characteristic X-ray production in EDS system: A hole in the inner K shell of the QDs 

atomic species is generated by a high-energy incident electron that transfers energy to form 

a core electron hole. The electron hole, is subsequently filled by an electron from an outer 

shell electron. The resulting energy is emitted as an X-ray, with an energy that is 

characteristic of the atomic number of the sample from which it is generated. 
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Qualitative analysis: This process identifies the elements present in an unknown sample. 

Qualitative analysis can be made by identifying the lines in the X-ray spectrum using tables 

of energies or wavelengths. 

Quantitative X-ray analysis: By specifically identifying the energy of the characteristic X-

ray peaks for each element, quantitative X-ray analysis is performed. This data is available 

in the form of tables, graphs, or as computer database. 

In this study, an FEI Titan Quanta 600F SEM EDS was used to determine the elemental 

composition of the treated and untreated CIS QDs. The EDS signal was acquired with an 

EDAX with Si(Li) detector and processed with EDAX imaging and analysis software using 

the following lines. S-K at 2.3 keV, In-L at 3.3 keV, and Cu-K at 8.2 keV.  An acquisition 

time of 90 seconds was used for all EDS measurement. The scan was made using a wide 

area to ensure that the elemental concentrations were statistically valid and representative 

of the entire QD ensemble. Automatic background subtraction was applied for all spectral 

acquisition. To reduce uncertainty and error, EDS measurements were made three times 

for each sample at different spots, and the values were averaged. The elemental 

composition ratio was determined by dividing the atomic composition of sulfur and copper 

by indium composition, where the atomic composition is thus defined for indium. 

2.2.3.6 High Resolution Transmission Electron Microscope (HR-TEM) 

TEM uses electron beam instead of light to create an image from a sample.  In TEM 

systems, an electron beam is transmitted through an ultra-thin film of a sample and interacts 

with the sample as it passes through. The image formed from the interaction of the electron 
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beam and sample is focused onto an imaging device to be detected by a detector, such as 

a charge-coupled device. HR-TEM can produce atomic resolution images. 

In this research HR-TEM was performed using a Titan G2 80-200 with ChemiSTEM 

microscope with field emission X-FEG operated with an accelerating voltage of 120 kV. 

The images were collected using high angular dark field (HADF).  TEM samples were 

prepared by dropping cleaned diluted solutions of CIS core QDs suspended in chloroform, 

onto 400 mesh silicon nitride grids. Excess solvent was removed by blotting using filter 

paper and immediately evaporated. The image processing was performed using the 

software TrueImage. TEM was also used to determine the size distribution of the CIS QDs 

by measuring the average edge length of each nanoparticle. 
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Chapter Three 

3.  Synthesis of CIS QDs at different composition  

Semiconductor quantum dots (QDs) exhibit fascinating size,3 compositional,30, 73,93 and 

surface dependent optical and electronic properties.94 These properties have inspired a 

wide range of research and development in the nanochemistry and nanophysics of QDs. 

Ternary chalcopyrite semiconductors (I-III-VI2) QDs can have their emission and 

absorption wavelengths tuned by varying either their composition or size, which makes 

these materials appealing for applications in bio-imaging40 and optoelectrical devices 

manufacturing.29,94,89 I-III-VI2 QDs synthesized by colloidal chemical methods are of 

considerable interest due to their unique properties.26 Among the I-III-VI2 QDs, copper 

indium sulfide (CIS) QDs have been studied due to their low-toxicity and broad band 

absorbance width (1.55 eV band gap).27,40,88 These properties could be advantageous for 

solar cells and laser applications, in addition to their use in optoelectrical devices. 

However, the low quantum efficiency of CIS QDs have limited their use for optoelectrical 

device applications. Here in, we introduce a novel chemical treatment of CIS QDs that 

significantly improves their photoluminescence quantum yield (PLQY). In this chapter, we 

discuss the colloidal synthesis of CIS QDs for a range of compositions and characterize 

their optical and structural properties.  



   
50 

 

 
 

3.1 Synthesis and characterization of CIS QDs at different Cu:In ratio  

The structural and optical properties of CIS QDs depends on the synthesis conditions, 

which include growth temperature,95 reaction time,46 reaction chemistries, and the molar 

atomic ratio of Cu:In,93,94,53 in addition to their size. By controlling the molar atomic ratio 

of the compositional elements, the QDs absorption and emission bands can be readily 

adjusted.73, For instance, indium-rich CIS QDs have blue shifted emission, while copper-

rich CIS QDs have red shifted emission.30,40 The zinc cation exchange reaction time, and 

the ZnS shell growth also influences the emission band of CIS QDs.40,53,80  

3.1.1 CIS QDs synthesized at 1:1 Cu:In ratio 

3.1.1.1 Reaction time effect on optical properties 

CIS QDs synthesized for different reaction times can have very different crystalline quality. 

The QDs quality depends on a reaction time and conditions which highly control both 

nucleation and growth of the QDs. If the reaction time is too short, the crystallinity of QDs 

becomes poor. On the other hand, longer reaction times may result in the aggregation of 

small size crystals, which eventually affects the size distribution and stability of the CIS 

QDs.76 

To synthesize a 1:1 Cu:In ratio QD sample, a stoichiometric amount of CuI and In(Ac)3 

was mixed with sulfur to give the desired CIS QD precursor (Table 3.1). When CuI and 

In(Ac)3 were dissolved in 1-dodecanthiol (DDT), Cu+ and In3+ cations are coordinated with 

DDT to form Cu–In thiolate (CuIn(SR)x) a light yellow metal source solution.96 The metal 

precursor solution is combined with the colorless sulfur source composed of 
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diphenylphosphine mixed with sulfur (DPPS), which gives a light yellow final CIS QD 

precursor.  

 

Table 3. 1: Synthesis solution composition of CIS QDs at different copper to indium 
ratios, emission peak wavelength, particle size, and PLQY. 

Sample ID Cu(II)I 
(mmole) 

In(Ac)3 
(mmole) 

Sulfur 
(mmole) Cu/In/S 𝜆𝜆𝑃𝑃𝑃𝑃 

(nm) 
1Diameter 

(nm) 
PLQY 

(%) 
1:1 Cu:In 

5min 0.45 0.45 0.9 1/1/2 631 2.5 <1 

1:1 Cu:In 0.45 0.45 0.9 1/1/2 664 2.8 1.5 
1:2 Cu:In 0.2 0.4 1 1/2/5 637 2.6 8 
1:5 Cu:In 0.1 0.5 1 1//5/10 623 2.6 1 

 

The CIS QDs synthesis was carried out using a batch heating method, where a three-neck 

flask was attached to a Schlenk-line. When the reaction temperature increases from room 

temperature to about 100 oC, the solution color initially changes to a deep yellow and then 

to light brown after 5 minutes of reaction time. At this stage of the reaction, CuIn(SR)x 

decomposes to form CIS nuclei. As the reaction progresses, the color turns to a dark brown 

and remains this color even after two hours of reaction (Figure 3.1) suggesting completion 

of the nucleation and subsequent growth of the CIS QDs. During the first 5 minutes of 

reaction, the solution has a very low PLQY (less than 0.5%), and has an emission peak 

with maximum wavelength (𝜆𝜆𝑃𝑃𝑃𝑃) at 631 nm. The solution obtained after two hours still has 

a low PLQY (~1.5%) and has 𝜆𝜆𝑃𝑃𝑃𝑃 = 664 nm, which coorspends to a 33nm red shift in the 

photoluminescence (PL) spectrum (figure 3.2). This broad red shift is attributed to an 

increase in particle size as the reaction progresses.27,89 The size of the particle can be 

                                                           
1 Theoretical diameter determined using Equation 3.1. 
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estimated using the following empirical formula given in Equation 3.183 and can be 

compared with experimental data obtained from transmission electron microscope (TEM) 

particle size measurements. In CIS QDs the PL spectral peak position, λPL associated with 

the core can be related to the diameter (d) through a simple empirical polynomial function 

given below.83 

 

𝑎𝑎 = 68.952 − 0.213×𝜆𝜆𝑃𝑃𝑃𝑃 + 1.717×10−4×𝜆𝜆𝑃𝑃𝑃𝑃2    (3.1) 

 

For particles made with a stoichiometric 1:1 Cu:In ratio with a 5 min reaction time, the 

measured peak position gives a particle diameter of ~2.5 nm. 

 

Figure 3. 1:Photograph of as synthesized CIS QDs sample prepared at 1:1 Cu:In molar 
ratio. (A) CIS QDs after 5 minutes of reaction (B) CIS QDs after two hours of reaction. 
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During the first 5 minutes of reaction, the ligands and ions in solution form small nuclei 

that contain copper, indium, and sulfur. Previous research reported that CIS nuclei are 

small, have excess copper, have rough irregular shapes, poor crystallinity, and a high 

density of surface defects.47,76 The high density of surface defects and poor crystallinity 

may be responsible for the low PL intensity, and the blue shift could be due to the small 

size of 1:1 Cu:In ratio CIS core sample after only 5-minutes reaction time. 

Figure 3.2 shows that the normalized PL intensity and UV-vis absorption data both have 

an apparent red shift when the reaction time increases from 5 minute to 2 h, which suggests 

that the particle size increases for longer reaction times.  The normalized PL intensity is 

calculated by dividing the measured emission intensity by absorbance at the excitation 

wavelength (450 nm).  
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Figure 3. 2: Normalized photoluminescence(A) and Absorbance (B) for 1:1 Cu:In CIS 
QDs for reaction times of 5 minutes and two hours. 

 

(A) 

 



   
55 

 

 
 

 

Figure 3. 3: Normalized photoluminescence(A) and Absorbance (B) for 1:1 Cu:In CIS 
QDs for reaction times of 5 minutes and two hours. 

The full width at half maxima (FWHM) of the PL spectra for the 1:1 CIS core after 5-

minutes reaction time is 107 nm, while the corresponding sample synthesized for 2 hours 

is 118 nm. The decrease in FWHM for 5 min reaction is might be due to uniform size 

distribution of nanoparticles during the nucleation and at the early stage of crystal growth.  

As the nuclei continue to grow the FWHM for the PL spectra increases due to Ostwald 

ripening, which leads to a non-homogenous particle size distribution. Figure 3.3 shows that 

the shift in the UV-vis absorption spectra are consistent with larger CIS QDs for longer 

reaction times. These results indicated that the size and the emission wavelength of CIS 

QDs can be effectively tuned by adjusting the reaction times. 

(B) 
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For stoichiometric compositions of CIS QDs, the size of the crystal has a greater effect on 

the conduction band energy and less on the valence band energy.47 For CIS QDs 

synthesized for 5 minutes, we estimated that particle size was 2.5 nm. Due to the small 

particle size the CIS QDs have a high confinement effect which results in a higher 

conduction band energy level, and blue shifted emission. The emission for smaller size 

stoichiometric CIS QDs is dominated by conduction band to accepter level transitions, 

rather than surface or donor acceptor recombination (DAP) recombination.27,30,47 For CIS 

QDs synthesized for 2 hours, we estimated that particle size was 2.8 nm. 

 

Figure 3. 4: Schematic model of size and compositional change in CIS QDs system when 
reaction progresses from 5 min to 2 hours from left to right. 

Due to the higher roughness, defect density, poor crystallinity, and unsaturated bonds in 

the 5-minute reaction 1:1 Cu:In ratio CIS QDs, their PLQY was much lower than particles 

synthesized for 2 hours. The higher density of defects, for short reaction times, could be 

responsible for the very low PLQY. Longer reaction times typically result in lower defect 

density, and highly stabilized bonding due to higher crystallinity and lower surface energy. 

It has been proposed that, the main route of emission for off stoichiometric CIS QDs is 
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donor-acceptor recombination (DAP)27,30 As the reaction progresses, two or more 

monomers can bind to each other and the crystal structure continues to grow. The rate of 

growth then decreases as the crystallinity of the sample is improved and the surface energy 

decreases. At this stage, the particles become larger as more monomer is deposited on the 

crystal resulting in indium rich, well crystalized particles with fewer surface defects. The 

larger size of CIS QDs results in a reduction in confinement effects, a decrease in the band 

gap energy, and red shifted emission spectra. Likewise, the indium rich surface and 

increased crystallinity results in an increase in the PLQY, which arises from relaxation 

between a quantized conduction band state to defect states.27 The defect states can include 

indium vacancy (VIn), copper substituted on indium sites (CuIn), indium substituted on 

copper sites (InCu), and DAP from conduction band to acceptor states. In the CIS system, 

the coordinating strength between Cu+ and thiol ions (RS-) is much higher than between 

In3+ and RS-. This leads to copper rich CuIn(SR)x, which results in highly copper rich CIS 

QDs, especially for stoichiometric compositions. Ultimately these CIS QDs then have low 

concentrations of copper vacancy related defects.47 The low copper vacancy in 

stoichiometric samples suppress emission involving copper vacancies such as DAP and 

CB to VCu. Thus, we can infer that the emission for 1:1 Cu:In ratio composition is primarily 

a result of conduction band (CB) to intra-gap surface related recombination (VIn/InCu/CuIn) 

rather than donor-acceptor recombination.27,47  
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3.1.2 CIS QDs synthesized at 1:2 Cu:In ratio 

3.1.2.1 Compositional dependency of optical properties  

The Cu:In ratio is an important factor in controlling nucleation, grain growth, crystal 

structure and fluorescence intensity for CIS QDs.76 Previous studies reported that the size 

of CIS QDs is well correlated to the Cu:In ratio.39,73 These studies demonstrated that the 

size of CIS QDs decreased with a reduction of the Cu:In ratio.  

To prepare 1:2 Cu:In ratio CIS QDs, CuI, In(Ac)3, and sulfur was mixed with DDT at 

Cu:In:S molar atomic ratios equal to 1:2:2, which gives the desired precursor (table 3.1).  

Similar to the 1:1 molar ratio CIS QD precursor, the 1:2 Cu:In ratio CIS precursor begins 

with a light yellow color, which turns to a clear brown solution when the reaction reaches 

completion. Unlike the 1:1 Cu:In ratio sample, the 1:2 Cu:In ratio sample generates small 

white solids byproducts after reaction. The white precipitate was removed by centrifuging 

the as-synthesized solution prior to washing with methanol.  

The PL intensity was dependent on the Cu:In atomic composition where the indium-rich 

1:2 Cu:In CIS has higher PL intensity compared to the 1:1 Cu:In CIS QDs as shown in 

figure 3.5. Previous studies reported that, sulfur vacancies (VS), interstitial copper (Cui), 

and copper sites substituted by indium (InCu) can act as donors, and copper vacancies (VCu), 

indium vacancies (VIn), and indium sites substituted by copper (CuIn) act as acceptors in 

indium-rich CIS.30   

In copper-rich CIS the emission transitions are primarily due to conduction band (CB) to 

VIn/InCu/CuIn and VCu or Cui to VB.30 In copper-deficient CIS another emission transition 

exists that involves a sulfur vacancy (VS) and InCu to copper vacancy (VCu).30 The improved 
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PLQY in the 1:2 Cu:In ratio sample may be a result of additional copper vacancies for the 

copper deficient CIS. Due to the higher vapor pressure of indium sulfide in CIS, the CIS 

QDs readily lose indium during the early stages of reaction and results in indium and sulfur 

deficiency in the final CIS products.73 

 

Figure 3. 5: Normalized photoluminescence spectra of CIS QDs at 1:1, 1:2 and 1:5 Cu:In 
ratios. The samples were excited with λ= 450 nm radiation, and a 1 nm slit width was used 
to improve the resolution of the spectra. 

This mechanism can explain the low PLQY observed for the 1:1 Cu:In ratio samples. 

Furthermore, the copper-rich CIS surface are likely much rougher than indium-rich CIS,73 

suggesting a high surface defect density in copper-rich CIS QDs. This deep surface state is 

likely responsible for non-radiative recombination of charge carriers in stoichiometric CIS 

QDs resulting in the low PL emission observed in Figure 3.5.   
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The indium-rich 1:2 Cu:In ratio CIS was 24 nm blue shifted, where 𝜆𝜆𝑚𝑚𝑚𝑚𝑚𝑚 shifts from 664 

nm to 640 nm compared to the stoichiometric 1:1 Cu:In ratio CIS. It is reported that indium-

rich CIS tends to form smaller particles than stoichiometric equivalents.73 This 

phenomenon helps explain the results in Figure 3.5 where the 1:2 Cu:In ratio CIS was blue 

shifted with respect to 1:1 Cu:In ratio CIS. As the effective mass of the electron in CIS is 

much smaller than its hole, the energy of the conduction band is more sensitive to the size 

of the crystal than the valence band.30 For smaller particle sizes the energy of the 

conduction band increases which results in blue shifted emission spectra. The 1:2 Cu:In 

ratio CIS QDs form smaller particles due to excess indium, whereas 1:1 CIS QDs sample 

form larger particles that result in band energy deviations. The increased band energy 

results in a blue shifted emission for 1:2 Cu:In ratio CIS QDs. 

3.1.3 CIS QDs synthesized at 1:5 Cu:In ratio  

To prepare 1:5 Cu:In ratio CIS, CuI, In(Ac)3, and sulfur was mixed with DDT with a molar 

atomic ratio of Cu:In:S at 1:5:10, which gives the precursor (table 3.1).   

 

 

 

   

Figure 3. 6: Photograph of CIS precursors with different Cu:In ratios under white light 
illumination.  

Cu:In = 1:2 
Cu:In = 1:5 

Cu:In = 1:1 
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Unlike the prior two synthesis methods, the precursor for this reaction is colorless and takes 

2-3 hours for the metal salts to completely dissolve in the DDT. In Figure 3.6 we show 

photographs of the precursors for the three different Cu:In ratios, prior to performing the 

reactions. This reaction had a large amount of white solid precipitate after completion of 

the reaction. It has been reported that the precipitate may be due to unreacted indium or the 

formation of a polymer when indium reacts with dodecanthiol.16 The white precipitate may 

also be due to the formation of CuS which is favored over the ternary product CuInS2 at 

low temperatures (<130oC). Above this temperature CIS nuclei start to form. The 

deficiency of Cu in the reaction solution (from CuS formation at the beginning of the 

reaction and/or the initial stoichiometry of the precursor) results in a CIS QD with a high 

concentration of copper deficient sites and/or the formation of indium sulfide. The two 

metal sulfides (InS & CuS) or unreacted indium can form solid precipitates. In our studies 

the solid precipitate was separated from the CIS QDs by centrifuging before the cleaning 

process.  An emission transition in the indium-rich CIS is dominated by VS to VCu and from 

InCu to VCu .27,47 The indium rich 1:5 Cu:In ratio sample has slightly lower PL intensity 

than the stoichiometric sample, and it is significantly lower than 1:2 Cu:In ratio sample. It 

has been reported that indium rich CIS nanoparticles (Cu:In=1:5) have highly 

uncoordinated surface atoms and unsaturated dangling bonds.73 In addition, the 1:5 Cu:In 

ratio samples have a high density of copper defect site at the surface that can create deep 

trap states where non-radiative carrier recombination occurs.  
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Figure 3. 7: PLQY of the three samples prepared at different Cu:In ratios. 

In Figure 3.7 we show the PLQY for the CIS QDs synthesized for different Cu:In ratios. 

The low PL intensity of the 1:5 Cu:In ratio CIS QDs may be due to non-radiative 

recombination of charge carriers at deep trap defect sites, unsaturated surface states, and/or 

reabsorption due to a high density of defects at copper vacancy.93 

The PL spectrum of 1:5 Cu:In ratio CIS QDs is blue shifted by 26 nm (from 𝜆𝜆𝑚𝑚𝑚𝑚𝑚𝑚= 664 

nm to 638 nm) compared to 1:1 Cu:In ratio CIS QDs. Indium-rich CIS particles grow 

slower than copper rich CIS particles, and the blue shift of the indium-rich sample may be 

due to the smaller QDs size and high confinement (i.e., 1:5 Cu:In ratio CIS QDs form 

smaller particles than 1:1 Cu:In ratio CIS QDs).  

3.2.2 Emission and absorption properties of CIS core QDs for different 
compositions 

Emission properties of CIS QDs for different composition: The full width at half maximum 

(FWHM) of the PL spectra for the three samples were found to be 118 nm, 107 nm and, 

92 nm for type 1:1, 1:2, and 1:5 Cu:In ratio CIS QDs, respectively. The PL spectrum for 

CIS QDs is broader than either cadmium or lead based QDs.24,97 The  𝜆𝜆𝑚𝑚𝑚𝑚𝑚𝑚 for the PL 
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spectrum from the three samples varied from 664 nm to 638 nm by decreasing the copper 

content in the precursor solution. The copper-rich CIS emits in the red region, while the 

copper-poor CIS emits in the higher band gap region. This may confirm that CIS QDs have 

two distinct emission centers and the low energy emission might be from sub-band gap 

recombination whereas, the high-energy emission may be a result of band edge emission.16 

The PLQY of CIS has the highest value for the 1:2 Cu:In ratio CIS QDs where there is 

copper deficiency, and starts to decline for Cu:In ratios below 1:2 due to reabsorption. 

Increasing the defect density in the form of copper vacancies is believed to be responsible 

for the increase in PLQY for 1:2 samples.30,47  

Absorption properties of CIS with different compositions: Figure 3.8 shows the absorption 

spectra of CIS QDs synthesized with different Cu:In precursor ratios. The absorption edge 

of CIS QDs has been found to be dependent with particle size.16 The difference in the long 

wavelength tail absorption for the three CIS QDs was negligible, indicating that the size of 

the QDs only varies slightly between ~2.5 nm to 2.8 nm. In figure 3.8 a broad absorption 

peak is observed for the stoichiometric 1:1 Cu:In ratio CIS QD that begins at ~650 nm and 

continues to shorter wavelengths. When the Cu:In ratio was decreased 1:2, an excitonic 

peak appears at ~498 nm. Further decreasing the Cu:In ratio to 1:5, results in an excitonic 

peak at ~450 nm. We find that both the compositional variation in the CIS QDs and changes 

in the particle size significantly influence the optical properties of these materials.  
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Figure 3. 8:Absorbance spectra of CIS QDs prepared with different Cu:In ratios.  

3.2.3 Raman spectra and FTIR study of CIS core with different compositions 

Raman Spectral study: Raman spectra were obtained for the synthesized CIS QDs to 

investigate changes due to variations in composition. Figure 3.9 below shows the Raman 

spectra for the three CIS-QDs.  
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Figure 3. 9: Raman spectra of CIS QDs at different Cu:In ratios. The 340 cm-1/296 cm-1 

peak intensity ratio was 0.7, 0.9, and 1.0 for 1:1, 1:2, and 1:5 samples, respectively. 

The Raman spectra were similar for all three CIS cores which were synthesized with 

different Cu:In ratios. The Raman peak located at 296 cm−1 has been assigned to the A1 

mode in CuInS2 79,98 and was observed for all three CIS QDs samples. In addition to this 

main peak a second peak was observed at 340 cm−1, which has been assigned to Cu 

vacancies in the CIS crystal lattice.73,93 The copper vacancy peak at 340 cm-1 has the lowest 

intensity for 1:1 Cu:In ratio CIS QDs, and higher intensities for 1:2 and 1:5 Cu:In ratio CIS 

QDs.  For the 1:5 Cu:In ratio CIS QDs the intensity of the 340 cm-1 peak was equal to the 

296 cm-1 peak. The peak intensity ratio between 340 cm-1 and 296 cm-1 was calculated to 

be 0.7, 0.9, and 1.0 for 1:1, 1:2, and 1:5 Cu:In ratio CIS QDs, respectively. For the 1:5 

Cu:In ratio CIS QDs the peak intensity is more pronounced and discrete than the 1:2 Cu:In 

ratio CIS QDs, which implies more copper vacancies in the former. The Raman spectra 

296 cm-1 
340 cm-1 
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confirms that the Cu vacancies concentrations increase for the CIS QDs when the Cu:In 

ratio in the precursor decreases. Thus, precursor composition not only affects the optical 

properties but also the defect structure in the CIS QD crystal lattice. 

The TEM and the HRTEM images of the corresponding CIS QDs are shown in the Figure 

3.10 and Figure 3.11 for 1:2 and 1:5 Cu:In ratio samples respectivelly. The inset at the top 

right corner is a HRTEM image of a single particle where the indicated lattice fringe with 

a spacing of d = 0.32 nm corresponds to the (112) lattice plane of tetragonal CIS QDs.99 

As such, the CIS QDs that were prepared from 1:2 and 1:5 Cu:In ratio precursors 

correspond to tetragonal chalcopyrite CIS. The diffraction image in figure 3.10 (A2) and 

figure 3.11 (B2) shows three diffraction rings, which correspond to the (112), (224), and 

(220) planes of the tetragonal phase.99 This data confirms that the resulting CIS QDs 

crystallize in the tetragonal phase. TEM measurements were also used to study the CIS 

QDs size distributions. The TEM image (Figure 3.10 (A3) and figure 3.11 (B3)) indicates 

that the particles exhibit a fairly uniform size distribution and with a spherical structure 

(Figure 3.10 (A3)).  
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Figure 3. 10: TEM images of CIS QDs synthesized with 1:2 Cu:In ratio. The inset at the 
right top corner (A1) is a HRTEM image of 1:2 Cu:In ratio CIS QDs and A4  is the particle 
size distributions. 
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Figure 3. 11: TEM images of CIS QDs synthesized with) 1:5 Cu:In ratios.  The inset at 
the right top corner is a HRTEM image of 1:5 Cu:In ratio CIS QDs (B1) and B4 is the 
particle size distributions. 

By Gaussian curve fitting the particle size results (Figure 3.10 (A4) and figure 3.11 (B4)) 

the average diameter of the CIS QDs was determined to be 2.7 ± 0.1 nm and 2.6 ± 0.1 nm 

for the 1:2 and 1:5 Cu:In ratios, respectively.  These values are smaller than the exciton 

Bohr radius, which is 4.1 nm, and these values are in close agreement with the size estimate 

using an empirical polynomial formula.83

10 nm B3 B1 
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Chapter Four 

4 Surface treatment of CIS QDs core with super acid and ZnS shell growth 

In this chapter, we will discuss the surface treatment of CIS QD cores with organic super 

acids, and passivation of the treated CIS QDs with a ZnS shell. Passivating CIS QDs with 

organic super acid resulted in significant increases in photoluminescence quantum yield 

(PLQY) compared to the untreated QDs.  To gain an understanding of the increase in 

PLQY, we have characterized the treated and untreated CIS QDs with the techniques 

described in chapter two.  

Organic super acids are high protonating agents, which have very low Hammett acidity 

function (H0) and have high proton chemical potential.52,100 In this study, we used 

bis(trifluoromethane) sulfonimide (TFSI) organic super acid to treat as synthesized CIS 

core QDs. A recent study has shown a significant improvement in photoluminescence by 

minimizing surface defect mediated non-radiative recombination by organic super acid 

treatment of MoS2 monolayer surfaces.52 

4.1 TFSI treatment of 1:2 and 1:5 Cu:In ratio CIS core QDs  

4.1.1 CIS QDs synthesized at 1:2 Cu:In ratio  

To improve the PLQY we have evaluated the effect of surface treatments of CIS cores with 

an organic super acid (i.e., TFSI). For this study, the concentration of TFSI, temperature 
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of the treatment, and the treatment time were varied to determine the optimal conditions 

that resulted in the highest PLQY. Table 4.1 gives the different experimental parameters 

used for the TFSI surface treatments and their corresponding PLQY. The sample IDs “Ci” 

represents CIS core samples treated at different TFSI concentrations while keeping 

treatment temperature and time constant; “Ti” represent CIS core samples treated at 

different temperatures while keeping TFSI concentration and treatment time constant; and 

“τi” represent CIS core treated with varying treatment times while keeping TFSI 

concentration and temperature constant.  

Table 4. 1: Optimized parameter used to treat the CIS cores with TFSI 

Sample 
ID 

TFSI in 
DCB 

Temp. 
(oC) 

Time 
(minute) 

PLQY 
(%) 

C1 20% 100 120 9.8 
C2 33% 100 120 13 
C3 50% 100 120 8 
C4 66% 100 120 7.9 
T1 50 % 70 120 10.5 
T2 50 % 100 120 9.3 
T3 50 % 150 120 8.8 
τ1 50 % 100 5 7.5 
τ2 50 % 100 30 9.2 
τ3 50 % 100 60 9.7 
τ4 50 % 100 90 10.5 
τ5 50 % 100 300 10 

 

For these experiments a new batch of samples were synthesized for each individual surface 

treatment parameter studied (i.e., TFSI concentration, temperature, and time). A minimum 

of five absorbance and photoluminescence data were collected for each sample to take into 

account variations for the concentration dependence of the PL signal. The PL data were 
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normalized by dividing the spectra by the respective absorbance at the excitation 

wavelength (λ= 450 nm). The normalized PL data from each parametric study samples 

were plotted and compared amongst themselves to determine the optimum treatment 

condition.     

Figure 4.1 presents normalized PL spectra of the 1:2 Cu:In ratio CIS cores before and after 

20%, 33%, 50% and 66% TFSI concentration treatments.  

 

Figure 4. 1: Normalized PL intensity of 1:2 Cu:In ratio CIS cores that have been untreated 
and treated with different TFSI concentrations. The samples are excited with a 450 nm 
laser, and 1 nm entrance and exit slit is used to improve resolution. 
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In figure 4.1 we present the PL intensity of 1:2 Cu:In ratio CIS after treating with different 

concentrations of TFSI. We found that the sample treated with 20% TFSI concentration 

had a 15% PLQY improvement. Increasing the TFSI concentration from 20 % to 33% 

further increased the PLQY by 25%. Increasing the TFSI concentration above 33% resulted 

in a decrease of the PL intensity. Both the 50% and 66% TFSI concentrations resulted in a 

PL intensity similar to the untreated sample. We found that the optimal TFSI concentration 

was 33% at 100 oC after a two-hour treatment based on the PL intensity. The 33% TFSI 

concentration improves the PLQY from ~8% to ~13% corresponding to a 62% 

improvement in PLQY compared to untreated CIS QDs. 

Figure 4.2 shows the normalized PL intensity of treated and untreated CIS core QDs where 

the treatment temperature was varied for a 50% TFSI concentration. For these studies the 

TFSI treatment temperature was varied from 70 oC to 150 oC. We found that a 70 oC 

treatment temperature gave the highest PL intensity for a 50% TFSI concentration after a 

two h treatment. This sample had a PLQY increase from 8% to 10.5% which corresponds 

to a 30% increase in the PLQY. The 100 oC temperature treatment resulted in 1.2% 

increment that is equivalent to a 15% increase in the PLQY.  
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Figure 4. 2: Normalized PL intensity of 1:2 Cu:In ratio CIS cores that have been treated 
at different temperatures.  The sample treated at 70 oC gave the highest PL intensity where 
the CIS cores treated at 150 oC gave the lowest PL intensity using 50% TFSI concentration. 

Further increasing the temperatures to 100 oC and 150 oC resulted in a decrease in the PL 

intensity, where the PL intensity for the treatment at 150 oC was close to the untreated 

sample.  

Figure 4.3 shows normalized PL intensity of treated and untreated CIS QDs core where the 

treatment time was varied from 5 to 300 min for a 50% TFSI concentration at 100 oC.  
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Figure 4. 3: Normalized PL intensity of 1:2 Cu:In ratio CIS cores that have been treated 
for different times.  The sample treated for 90 min. gave the highest PL intensity where the 
CIS cores treated for 5 min. gave the lowest PL intensity using 50% TFSI concentration 
and 100 oC.  
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Figure 4. 4: Normalized PL intensity at different treatment time where 50% TFSI and 
100 oC was used for all samples.  

Figure 4.4 shows the intensity of the normalized PL signal versus treatment time. The 

results in figure 4.4 indicates that the PL intensity initially increases with treatment time, 

up to 90 minutes, and begins to decrease for longer treatment times. The TFSI treatment 

for 90 minutes with 50% TFSI and 100 oC gave the highest PL intensity for this group of 

CIS QDs. The PLQY started to decrease for treatment times > 90 min., and became lower 

than the untreated sample for 12-hour treatment times.  

Based on these results we determined that sample C2, which corresponds to 33% TFSI 

concentration at 100 oC with a 2 hr treatment time, gave the highest PL intensity. These 

treatment conditions were used for the subsequent work where the absolute PLQY of this 

sample increased from ~8% for the untreated sample up to ~12-15% for the treated sample. 
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4.1.2 CIS QDs synthesized at 1:5 Cu:In molar ratio  

We also performed the TFSI treatment to 1:5 Cu:In ratio CIS QD cores to determine if the 

TFSI treatment can be generally applied to QDs. Figure 4.5 shows the normalized PL 

spectra for the parametric study for the 1:5 Cu:In ratio CIS QD cores.  

 

Figure 4. 5: Normalized PL of treated and untreated 1:5 Cu:In ratio CIS QD cores for 
different TFSI concentrations.  

Figure 4.5 shows the normalized PL spectra of 1:5 Cu:In ratio CIS QD cores after varying 

the TFSI treatment concentration. The highest PL intensity was obtained for the 33% TFSI 

treatment which is identical to the results shown in figure 4.1. 
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Figure 4. 6: Normalized PL of treated and untreated 1:5 Cu:In ratio CIS QD cores for 
different treatment temperatures. The 150 oC resulted in the highest PL intensity given 
constant TFSI concentration and treatment time. 

Figure 4.6 shows the normalized PL spectra of 1:5 Cu:In ratio CIS QD cores after varying 

TFSI treatment temperature. We found that the sample treated at 150 oC gave the highest 

PL intensity after a one h treatment with 33% TFSI. 

Figure 4.7 shows the normalized PL spectra of 1:5 Cu:In ratio CIS QD cores after varying 

the treatment time. With 33% TFSI concentration at 80 oC we obtained the highest PL 

intensity after a 2-hour treatment time.  
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Figure 4. 7: Normalized PL of treated and untreated 1:5 Cu:In ratio CIS QD cores for 
different reaction times. The two hr treatment resulted in the highest PL intensity. 

The optimum treatment condition based on these studies for the 1:5 Cu:In ratio CIS QD 

cores was 33% TFSI concentration for 2 hours at 80 oC. For this treatment condition the 

absolute PLQY of the 1:5 Cu:In ratio CIS QD core increased from ~1.5 % to ~3%, 

corresponding to a 50% improvement in the PLQY. The shape, FWHM, and λmax for the 

PL spectra of both 1:2 and 1:5 Cu:In ratio CIS QD cores remained unchanged after the 

TFSI treatment.  
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4.2 Results discussion of TFSI treated CIS core QDs 

To study the optical, chemical, or structural changes of the CIS cores after TFSI treatment 

the samples were characterized with absorbance, PL, FTIR, Raman, TEM, and EDS 

measurements. 

 

Figure 4. 8: Absorbance spectra of TFSI treated and untreated CIS cores. The data are for 
the 1:2 Cu:In ratio CIS QDs from concentration study. The spectra are offset for clarity. 
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Absorbance: Absorbance spectra was obtained for all the CIS QDs studied for this 

research, and the absorbance spectra of treated and untreated samples (1:2 Cu:In ratios) is 

shown in figure 4.8. 

 No noticeable shift of of the excitonic peak or change in intensity for the absorbance peak 

was observed for any of the treated and untreated samples. The spectra had the same shape 

before and after treatment. There was no size dependent long wavelength tail absorption 

change or shift in absorbance wavelength for any of the samples. We can reasonably 

conclude that the TFSI treatment does not cause any significant size or elemental 

compositional changes that would result in different absorption properties after the TFSI 

treatment.  

Photoluminescence: In Figure 4.9 the PL spectra for the 1:2 Cu:In ratio CIS QDs are shown 

for the optimal the TFSI treatment conditions. A significant amount of information can be 

extracted from photoluminescence properties and we show that the shape and λmax remain 

constant after TFSI treatment, while the PL intensity increased by ~5%. Similar to 

absorbance spectra, the PL spectra provides information related to changes to particle size 

and elemental composition.  

The normalized PL spectra (figure 4.9) for all the TFSI treated and untreated samples 

shows no significant spectral change or band shift. However, the treated samples does have 

a significant increase in the PLQY. The identical emission band and PL spectral shape of 

TFSI treated and untreated samples implies that no measurable changes in size and 

elemental composition occurs after the TFSI treatment. The PLQY improvement after 
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TFSI treatment is possibly due to the reduction of non-radiative recombination that results 

from surface trap states52 or competition from new emission transitions.  

 

 

Figure 4. 9: Normalized PL of treated and untreated 1:2 Cu:In ratio CIS QDs. The highest 
PL is selected from the optimum of the three parametric studies. 

Figure 4.1 shows that the PL intensity begins to decrease for TFSI concentrations above 

33%. This implies that a nonradiative decay path may become available after TFSI surface 

treatment at high concentrations. This may be due to the formation of new trap states, 
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possibly through the removal of passivating ligands from the CIS QDs and exposure of 

surface defects. Alternatively, these results may imply that high concentrations TFSI 

further disrupts the CIS QDs core possibly by removing surface indium or copper atoms, 

and leaving new defect sites. These processes would be consistent with the reduction in 

dispersibility of the most intensely treated CIS QDs which precipitate after treatment.  

Figure 4.2 also shows that the PL intensity improved for CIS QDs treated above room 

temperature (70 oC). Increasing the temperature to 100 oC decreases the rate of PL 

improvement, and the 150 oC treatment resulted in low PLQY, which was equivalent to the 

untreated sample. Both high concentration of TFSI and high temperature treatments may 

lead to the loss of surface ligands, removal of surface atoms, and creation of trap states. 

Figure 4.3 shows that samples treated for prolonged times (12 hour) resulted in a decline 

in PLQY, and the optimal condition for an improvement in PL intensity was attained by 

treating the CIS cores for 90 minutes.  From the above observations we find that treating 

CIS QD cores with super acids improves the PLQY. The best results were obtained for 

moderate treatment condition. Intense treatments, such as high temperature, high TFSI 

concentration, and prolonged treatment time resulted in a decrease in PLQY.  

Surface treatment of CIS core QDs with TFSI not only enhances the PLQY but also 

significantly improves the spectral stability of CIS QDs over time. The PL spectra of 

untreated QDs degrade over time under ambient conditions because of oxidation processes 

which allows a fast nonradiative decay channel and consequent reduction of PLQY.52,86 

Un-passivated CIS QDs are particularly susceptible to oxidation processes. We have found 
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that, TFSI untreated CIS core only retained 36% of their original PLQY after 1296 h 

whereas, TFSI treated CIS QDs generally retain over 70% of their original PLQY after 

1296 h ambient air exposure. These results are consistent with previous observation made 

for MoS2 nanosheets.52,86 

FTIR spectra: Figure 4.10 shows the FTIR spectra of TFSI, DDT, TFSI treated CIS core, 

and untreated CIS core. The FTIR spectra shows that absorption peaks due to hydrocarbons 

associated with the DDT ligand are reduced in intensity after the TFSI treatment. 

Potentially the TFSI treatment may cause the ligands bond to the surface to weaken and 

detached from the QDs. Protons can then diffuse to exposed defect sites and passivate the 

defects. The N-H stretch related to the amine group in the TFSI solution (located at 3535 

cm-1) only appears for the TFSI treated samples.101 The FTIR peak at 2926 cm-1 is related 

to C-H stretch 101 and the intensity in the pure DDT sample and untreated CIS QD spectra 

is significant when compared to the treated CIS QDs sample and the TFSI spectra. This 

gives qualitative evidence that the TFSI treatment removed some of the DDT ligand.  
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Figure 4. 10: FTIR spectra of TFSI, DDT, TFSI treated CIS core, and untreated CIS 
core. 

The peaks at 1451 cm-1 and 1129 cm-1 are due to S=O stretch.102 These peaks are observed 

in the TFSI treated CIS QDs and for the pure TFSI solution. The FTIR spectra of TFSI 

treated and untreated CIS cores are similar, except for the decrease in C-H intensities in 

the treated sample and the increase peak intensities at 1451, 1129, 1035, and 726 cm-1. 

These peaks may be due to TFSI originated fluorides and sulfides related to the treated 

samples.102,103 

Figure 4.11 shows FTIR spectra of TFSI treated and untreated samples for 1:2 and 1:5 

Cu:In ratio CIS QDs between 400 to 1800 cm-1. The IR spectra absorption at 2920 cm-1 is 

a result of alkyl C-H stretch due to the DDT ligand and the intensity decreased after TFSI 
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treatment (i.e., TFSI removed some of the DDT from the CIS QDs). Ligand exchange has 

been demonstrated previously, where hexanoic acid treated CdSe QDs made devices with 

improved performance due to a reduction of the insulating ligand at the QDs surface 

derived from the synthesis process.6  

 

Figure 4. 11: FTIR spectra for untreated and treated 1:2 and 1:5 Cu:In ratio CIS QDs  

The absorption peaks at 660, 1111, 1083, and 1130 cm-1 are related to the S=O stretch from 

TFSI.103,104 The intensity of these peaks become more pronounced and distinctive after 

TFSI treatment of both CIS QD samples. The peak at 1037 cm-1 is related to C-F 

vibration,102 the peak at 752 cm-1 is related to N-H,101 and the absorption at 694 cm-1 is 

related to S-N.103 These peaks are only observed for the TFSI treated CIS QDs. The peaks 

at 695, 729, 750, and 806 cm-1 correspond to C-H stretch and bending,102 while the peaks 
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at 1497, 1576, and 1608 cm-1 are may be due to C=C bending.102 The C-H might be from 

DCB and DCE which were used to dilute the TFSI solution. The peaks at 1436, 1456, and 

1458 cm-1 are related to P-C bonds that might come from the DPP which was used to 

dissolve sulfur during synthesis.105 The FTIR spectra of TFSI treated samples for both 1:2 

and 1:5 Cu:In ratio CIS QDs have a series of new peaks at 1608, 1576, 1497, 1130, 1083, 

1037, 750, 695, and 660 cm-1.  These new peaks may be due to vibrational stretch and 

bending modes of the associated molecular bonds (as assigned above) after TFSI treatment. 

Raman Spectroscopy: Raman spectra were taken for TFSI treated and untreated 1:2 and 

1:5 Cu:In ratio CIS QDs.  

 

Figure 4. 12:  Raman spectra of TFSI treated and untreated 1:2 and 1:5 Cu:In ratio CIS 
QD cores. For the treated 1:2 sample, the peak at 340 cm-1increased in intensity and 
remain the same for 1:5 sample. 

296 cm-1 
340 cm-1 
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Figure 4.12 shows Raman spectra of 1:2 and 1:5 Cu:In ratio CIS QD cores before and after 

TFSI treatment. A 532.41 nm laser (1.2 mW) was used for these measurements with a ×100 

objective, 1% transparency neutral density filter, 100 um hole size, 1200 g/mm grating, 10 

second exposure time and 30 spectra accumulations. The peak at 296 cm−1, which is 

attributed to the vibration of the A1 mode in CuInS2 is observed on both 1:2 and 1:5 Cu:In 

ratio CIS QD cores before and after treatment. In addition to this main peak, a second peak 

was observed at around 340 cm−1 for all samples. This peak corresponds to Cu vacancies 

in the CIS crystal structure.73 The relative ratio of the 296 cm-1 and 340 cm-1 peaks was 

found to increase after TFSI treatment from 0.82 to 0.9 for 1:2 Cu:In ratio CIS QD cores 

and remain unchanged for 1:5 Cu:In ratio CIS QD cores. For the 1:2 Cu:In ratio CIS QD 

cores the 296 cm-1/340 cm−1 ratio decreased after TFSI treatment when compared to the 

untreated samples. This might be due to the TFSI leaching copper ions from the CIS surface 

which results in the formation of copper vacancies. It is possible that the PLQY 

improvement after TFSI treatment may be due to an increased in VCu, and InCu sites, that 

resulted in the enhancement of radiative recombination.  These could either be defect 

mediated transitions from donor level to VCu level donor-acceptor recombination or 

conduction-band to localized intra-gap state recombination.  

EDS study: Energy dispersive spectroscopy (EDS) results are given in table 4.2 where the 

atomic average percentages and elemental atomic fraction are provided for treated and 

untreated 1:2 and 1:5 Cu:In ratio CIS QD cores. Results are also shown for 1:1 Cu:In ratio 

CIS QD cores after 5-minute reaction time and after two hours reaction time. The data for 
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TFSI treated 1:2 Cu:In ratio CIS QD cores indicated that there is an increase in S after the  

TFSI treatment.  

Table 4. 2: Elemental composition of 1:2 and 1:5 Cu:In ratio CIS QD cores before and 
after TFSI treatment  

Table 4.2 (i) Average atomic percentage (%) 

Element 1:1 (5min) 1:1 (2hr) 
1:2 

untreated 
1:2 

treated 
1:5 

untreated 
1:5 

treated 
S 61.8 59 57.7 62.9 62.9 63.1 
In 20.1 21.8 28.2 25.4 30 29.3 
Cu 18.1 19.2 14.1 11.9 7 7.2 

Table 4.2 (ii) Elemental atomic fraction 

element 1:1 (5min) 
1:1 

(2hr) 
1:2 

untreated 
1:2 

treated 
1:5 

untreated 
1:5 

treated 
S 3.1 2.7 2.0 2.5 2.1 2.2 
In 1.0 1.0 1.0 1.0 1.0 1.0 
Cu 0.9 0.9 0.5 0.5 0.2 0.2 

 

The EDS result indicated that all samples studied contain copper, indium, and sulfur. From 

the EDS investigation, the actual Cu/In composition ratio of CIS QDs particle was 

determined to be 0.9, 0.5, and 0.2 which corresponds to the 1:1, 1:2, and 1:5 Cu:In ratio 

CIS QD cores, respectively. This result was nearly identical with the precursor molar ratio 

used for CIS QDs synthesis. The EDS atomic composition study indicates that the as 

synthesized CIS QDs have the same elemental ratio as the reaction precursor composition. 

The elemental ratios for 1:1, 1:2, and 1:5 Cu:In ratio CuxInySz QD cores prior to TFSI 

treatment were found to be x=0.9, y=1, z=2.7; x=0.5, y=1, z=2; and x=0.2, y=1, z=2, 

respectively. After the TFSI treatment the elemental ratio remained fairly unchanged with 

regards to Cu and In, whereas S showed a slight increased to z=2.5 and 2.2 for 1:2 and 1:5 
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Cu:In ratio CIS QD cores, respectively. Assuming that all the Cu is in the +1 oxidation 

state then the S atomic fraction should be z=1.8 and 1.6 for the 1:2 and 1:5 Cu:In ratio CIS 

QD cores, respectively.  These values are lower than observed, which suggests that either 

the excess S is due to the surface ligand chemistry or oxidation of Cu+1 to Cu+2.   

The TFSI treatment may leach some copper and indium out from the surface of CIS QDs 

at levels that are below detection with EDS. This process could result in the formation of 

copper and indium vacancy sites, and provide additional recombination states. These 

additional recombination states may contribute to the increased PL intensity for TFSI 

treated samples. However, we have not observed crystal structure changes after TFSI 

treatment for the 1:2 Cu:In ratio CIS QD cores. The Raman spectra suggests that the TFSI 

treatment improved the surface properties of the CIS core, which also may result in an 

improved PLQY. The first mechanism considered for this improvement is an increase in 

copper vacancies.73 The dominant PL mechanism for CIS is from donor states (VS, Ini, and 

InCu) to acceptor levels (VCu, VIn, and CuIn) DAP recombination, and from conduction band 

(CB) to acceptor level transitions.30 The increase in copper and indium vacancies might 

lead to improved PL for TFSI treated samples. Furthermore, TFSI may help remove 

absorbed water, hydroxyl, and oxygen from the CIS QDs surface and improve passivation 

resulting in improved PLQY.52 The CIS core has a high surface to bulk atomic ratio which 

can provide trap states for charged species which may result in non-radiative 

recombination.46 We believe that TFSI might partially or completely passivate these 

unsaturated surface bonds and stabilized the surface resulting in improved PLQY.  
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HRTEM study: HRTEM images of the 1:5 and 1:2 Cu:In ratio CIS QD cores are shown in 

the inset of Figure 4.13 (A1) and (B1), and Figure 4.14 (C1) and (D1).  The lattice fringe 

was determined to be d = 0.32 nm, which corresponds to the (112) lattice plane of tetragonal 

CIS QDs for the untreated 1:2 and 1:5 samples.  In Figure 4.13 (B1) the lattice fringe 

spacing was determined to be d = 0.28 nm, which corresponds to the (200) lattice plane of 

tetragonal CIS QDs for treated 1:5 sample.   Figure 4.13 (A2) shows that the three 

diffraction rings correspond to the (112), (224), and (220) planes of the tetragonal phase 

for untreated 1:5 CIS core.  Figure 4.13 (B2) also shows that the three diffraction rings 

correspond to the (112), (224), and (220) planes of the tetragonal phase for the treated 1:5 

sample. Figure 4.14 (C2 and D2) also show that the two diffraction rings correspond to the 

(112) and (220) planes of the tetragonal phase for the untreated and treated 1:2 samples. 

These data confirm that the 1:2 and 1:5 Cu:In ratio CIS QD cores are in the tetragonal 

phase and the lattice structure remains unchanged after TFSI treatment.  
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Figure 4. 13: TEM image of untreated (A1) and treated (B1) 1:5 Cu:In ratio CIS QD cores. 
A2 and B2 are the corresponding diffraction images and A3 and B3 are the corresponding 
particle size distributions.  
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Figure 4. 14: TEM image of untreated (C1) and treated (D1) 1:2 Cu:In ratio CIS QD cores. 
C2 and D2 are the corresponding diffraction images and C3 and D3 are the corresponding 
particle size distributions.  
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TEM images were used to investigate the CIS QDs size distributions before and after TFSI 

treatment. The TEM images in Figure A3, B3, C3, and D3 demonstrates that the particles 

have a relatively uniform size distribution. By Gaussian curve fitting of the particle size 

distributions we were able to determine that the average diameter of the untreated and 

treated 1:2 Cu:In ratio CIS QD cores was 2.7 ± 0.1 nm, and the average diameter of the 

untreated and treated 1:5 Cu:In ratio CIS QD cores was 2.6 ± 0.1 nm.  We found that the 

diameter did not significantly change due to the TFSI treatment.   

4.3 Hybrid passivation of CIS core by organic supper acid and inorganic ZnS 

Due to large surface-to-volume ratio of QDs the surface properties can have a significant 

effect on their structural and optical properties.106 Passivating the QD surfaces with either 

organic or inorganic passivation can significantly increase the luminescence and carrier 

life times, where surface passivation does not significantly affect optical 

characteristics.106,107 The as synthesized dodecanthiol ligand passivated CIS core QDs have 

a PLQY of 1-8%.  As we have discussed earlier the surface treatment of CIS QDs with an 

organic super acid can increase the PLQY up to 62%. However, the PLQY of organic 

passivated and TFSI treated CIS QDs are still very low. These low PLQY values for 

organic ligand passivated CIS cores suggest the presence of high surface defect states due 

to off stoichiometric compositions or vacancy states, many unsaturated dangling bonds, 

and possibly surface contamination due to absorbed water or oxygen. Studies have 

suggested that organic ligands do not effectively passivate CIS QDs surfaces. Surface 

passivation by inorganic materials including,106 ZnSe,108 CdS, CdSe, and (NaBH4)49 have 

resulted in significantly higher PLQY. However, CIS QDs passivated with larger band gap 
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materials, such as ZnS, still have lower PLQYs compared to lead and cadmium based QDs, 

where the highest reported PLQY was ~81% for measurements at room temperature.29 The 

extent of surface passivation significantly controls the PL properties of the QDs and 

ultimately determines the quantum yield.  

Post synthesis surface treatments of nanomaterials have been reported to improve PL 

efficiency, where organic halides,49 metal chlorides (CdCl2),109 organic super acids,52 

Calix[n]arene carboxylic acids,50 polyethylene glycol, tetrabutylammonium iodide 

(TBAI), and 1,2-ethanedithiol (EDT) 29  have all been used. Organic super acid surface 

treatment of composition-tunable CIS QDs prior to growing an inorganic higher bandgap 

shell material may be an attractive route that could improve PLQY. QD surface treatments, 

prior to shell growth or inorganic passivation, has been reported to improve photo and 

chemical stability, and have resulted in high device performance and longer life.110 

In the following section, we present results for the surface passivation of as synthesized 

CIS cores by organic super acid, followed by ZnS shell growth to improve PLQY. We also 

discuss these results and describe possible mechanisms by which inorganic passivation of 

CIS core with ZnS after the TFSI surface treatment can improve PLQY.  

4.3.1 Improved luminescence efficiency of CIS/ZnS QDs after TFSI surface 
treatment 

The CIS cores were pretreated using the optimum TFSI treatment condition determined in 

the previous section, which was then followed by ZnS shell growth. For comparison, the 

ZnS shell was also grown on the untreated CIS core as a control. PL and absorbance data 
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were obtained for both samples and normalized PL and absorbance spectra are shown in 

Figures 4.15 to 4.18.  

1:2 Cu:In ratio CIS/ZnS QDs: Absorbance of TFSI treated and untreated 1:2 Cu:In ratio 

CIS cores figure 4.15 (left), as well as CIS/ZnS are shown in figure 4.15 (right). No 

noticeable shift of excitonic peak or changes in intensity of the absorbance peak was 

observed for any of the treated and untreated 1:2 Cu:In ratio CIS core samples. The spectra 

retain the same shape before and after TFSI treatment. No noticeable absorption band shift 

was observed for any of the 1:2 Cu:In ratio CIS core samples. However, in Figure 4.15 

(right) the 1:2 Cu:In ratio CIS/ZnS sample after TFSI treatment had a blue shifted sample 

excitonic peak  and has a broader absorption band than the untreated sample.  

The PLQY for the 1:2 Cu:In ratio CIS/ZnS QDs was significantly higher after the TFSI 

treatment. The PL spectra were also blue shifted by ~58 nm from 632 nm for the initial 

CIS core, to 574 nm, after ZnS shell growth (Figure 4.16). This blue shift may be due to a 

small decrease in the effective volume of CIS core QDs after ZnS shell growth of and the 

cation exchange process. The decrease in the effective size of the CIS core results in an 

increase in confinement energy with little effect on optically determined size distribution. 
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Figure 4. 15: Absorbance spectra of TFSI treated and untreated 1:2 Cu:In ratio CIS core 
(left) TFSI treated and untreated 1:2 Cu:In ratio CIS/ZnS core/shell (right). 

The PLQY of the TFSI treated 1:2 Cu:In ratio CIS/ZnS was increased from 50 % for the 

untreated sample, to 62% for the TFSI treated sample. The increase in PL intensity seen in 

Figure 4.16 for the TFSI treated sample suggests an enhancement in the effectiveness of 

the surface passivation by ZnS after TFSI treatment. Moreover, the emission band shift to 

high energy suggests that band-edge emission is facilitated due to improved defect 

passivation in agreement with previous reports. 94 

The PL emission of TFSI treated 1:2 Cu:In ratio CIS/ZnS QDs was blue shifted from 574 

nm to 560 nm after the ZnS shell growth. This blue shift may be due to a slight decrease in 

the effective volume of CIS core QDs due to cation exchange and ZnS shell growth. The 
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TFSI treatment may also remove some surface atoms, which reduces the size of the CIS 

cores. 

  

Figure 4. 16: Normalized PL of untreated and TFSI treated 1:2 Cu:In ratio CIS cores, and 
untreated and TFSI treated 1:2 Cu:In ratio CIS/ZnS QDs.  

In addition to blue shifted emission band for the 1:2 Cu:In ratio CIS/ZnS QDs, the FWHM 

was slightly increased from 103 nm to 106 nm for the TFSI treated samples. This 

broadening of emission width has also been reported for surface treated PbSe with 

molecular chlorine, which resulted in improved PLQY.109 A recent study reported that PbS 

QDs treated using PbCl2 prior to CdS shell growth resulted in a twofold PLQY 

improvement and emission band widening.110 The excitonic features in the absorbance 
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spectra (figure 4.15 (left)) and the shape of the PL spectra remained the same for TFSI 

treated CIS core QDs. However, the excitonic features, absorption widths and PL widths 

are slightly modified by the TFSI treatment for CIS/ZnS core/shell samples.  

  

Figure 4. 17: Absorbance spectra of TFSI treated and untreated CIS core (left) and TFSI 
treated and untreated 1:5Cu:In ratio CIS/ZnS core/shell QDs. 

We have found that TFSI treatment of CIS cores, followed by ZnS shell growth 

significantly improved the PLQY for CIS/ZnS QDs. We propose that the organic super 

acid’s high protonating potential allows access of Zn+2 to active sites and allows the 

passivation/repair of defects and stabilizing surface dangling bonds. 

1:5 Cu:In ratio CIS/ZnS QDs: Absorbance of TFSI treated and untreated 1:5 Cu:In ratio 

CIS cores, as well as 1:5 Cu:In ratio CIS/ZnS QDs are shown in figure 4.17. Unlike the 1:2 
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Cu:In ratio CIS samples the absorbance of TFSI treated 1:5 Cu:In ratio CIS cores and 

CIS/ZnS core/shell do not show any noticeable shift of excitonic peaks or absorption band 

shift in agreement with the corresponding PL spectra.  

 

Figure 4. 18: Normalized PL of untreated and treated 1:5 Cu:In ratio CIS cores, and 
untreated and treated 1:5 Cu:In ratio CIS/ZnS QDs after surface treatment of CIS core 
with TFSI.  

The PLQY of the 1:5 Cu:In ratio CIS/ZnS QDs was increased from 61 % for the untreated 

to 86 % for TFSI treated samples. The PL emission peak λmax and shape remained 

unchanged and unaffected by the TFSI surface treatment, as shown in figure 4.18. The 

FWHM of the 1:5 Cu:In ratio CIS/ZnS was found to be 91 nm and remain unchanged after 
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TFSI treatment. The addition of the zinc precursor into the CIS core solution during the 

ion exchange process results in the replacement of Cu+ and In3+ cations with Zn2+ due to 

the thermodynamic driving force.47 The addition of TFSI into the CIS core solution might 

allow H+ to bind to hard-to-access defect sites and may assist the transport of Zn2+ to these 

defect sites.  This can potentially allow Zn2+ to penetrate and bind to unpassivated surface 

defect sites, and maximize the packing of Zn2+ on unpassivated regions on the CIS core. 

We found that a higher PLQY was obtained for highly copper deficient 1:5 Cu:In ratio 

CIS/ZnS QDs compared to the relatively copper rich 1:2 Cu:In ratio CIS/ZnS QDs. This 

might be due to increased Zn2+ diffusion into the copper deficient CIS structure due to the 

larger concentration of copper vacancy sites. The increase in the PLQY for TFSI treated 

CIS/ZnS QDs may be due to copper and indium vacancies at the surface of CIS core, which 

were increased due to the organic super acid surface treatment. Although the TFSI 

treatment may not remove defects that contribute to nonradiative recombination, they 

increase the availability of active defect sites for ZnS passivation.52 The improvement in 

the PLQY for TFSI treated 1:2 and 1:5 Cu:In ratio CIS/ZnS QDs confirms the effectiveness 

of the TFSI/ZnS hybrid surface treatment and passivation method.
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Chapter Five 

5. Conclusion and future directions  

5.1 Conclusion  

Copper indium sulfide (CIS) quantum dots (QDs) with 1:1, 1:2, and 1:5 Cu:In atomic ratios 

were synthesized by a solvothermal route using dodecanthiol as the solvent and ligand. The 

optical and structural properties of the CIS QDs with different composition were studied.  

The composition of the CIS QDs could be precisely controlled by adjusting the Cu:In molar 

ratio in the starting precursor solution. We found that the composition of the precursor has 

a strong influence on the size, morphology, optical properties, and photoluminescence 

quantum yield (PLQY). Energy dispersive X-ray spectroscopy (EDS) studies revealed that 

all three CIS QDs samples contained Cu, In, and S in proportion with the initial precursor 

solution. The excitonic peak in the UV-Vis absorbance spectra became apparent and blue 

shifted for lower Cu:In ratios, and the shift could be correlated with an increase in Cu 

vacancies in the CIS lattice. The blue shift of the absorption excitonic peak was also related 

to a decrease in particle size, which was confirmed by high-resolution transmission electron 

microscopy (HR-TEM) study. The PLQY increased with Cu deficiency (for 1:2 sample), 

which may be attributed to a new luminescence route that involves Cu vacancies from 

donor level to acceptor level, however the PLQY decreased for samples with higher copper 

deficiency (i.e., the 1:5 samples).  This decrease in PLQY may be due to reabsorption of 
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light from the photoluminescence process by Cu vacancy states.3,77 Raman spectroscopy 

indicated that, the A1 mode at 296 cm-1 of CIS was the main feature for samples 

synthesized at all three stoichiometries. Furthermore, there was a broadening of the Raman 

peak at 296 cm-1 to 340 cm-1 with deviations from the stoichiometry (1:2 sample), which 

may be attributed to Cu defects in the lattice structure.73 The 340 cm-1 peak became distinct 

and pronounced for 1:5 sample, which was further indication that this Raman peak may be 

related to Cu vacancies, and the 1:5 samples had the highest number of vacancies. The size 

of the CIS QDs varied from 2.9 nm to 2.5 nm when the Cu/In molar ratio was decreased 

from 1:1 to 1:5, and the photoluminescence (PL) of CIS QDs was blue-shifted from the 1:1 

sample.  

The surface of the CIS QDs core were treated by organic super acid using 

bis(trifluoromethane) sulfonimide (TFSI) which enhanced the PLQY and stability by more 

than 50%. The highest PLQY was obtained for a 33% TFSI concentration at 100 oC for 2 

hour for both the 1:2 and 1:5 Cu:In ratio CIS QDs. We propose that this treatment 

eliminates defect-mediated nonradiative recombination.52 The emission band width, PL 

spectral shape, and absorbance spectra of the treated CIS QDs remain unchanged after 

treatment, suggesting no obvious structural changes were caused by the TFSI treatment. 

The TFSI treated CIS QDs cores and untreated controls were then passivated by ZnS.  The 

TFSI treated CIS/ZnS resulted in a PLQY enhancement by more than 40% compared with 

the untreated sample, which corresponds to 62% and 86% absolute PLQY for 1:2 and 1:5 

Cu:In ratio CIS QDs, respectively. The emission spectra of 1:2 Cu:In ratio CIS QDs had a 

slight broadening in FWHM ~3 nm, while the FWHM of the emission spectra for the 1:5 
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Cu:In ratio CIS QDs remain unchanged after TFSI treatment. Treating CIS cores with TFSI 

may allow access to defect sites for Zn2+ during cation exchange. The improvement in the 

PLQY for TFSI treated 1:2 and 1:5 Cu:In ratio CIS/ZnS QDs confirms the effectiveness of 

the TFSI/ZnS hybrid surface treatment and passivation method. 

We demonstrated that the combination of super acid treatment and inorganic ZnS 

passivation resulted in the highest PLQY reported to date. Enhanced PLQY of CIS QDs 

may allow the use of non-toxic QDs in a range of based optoelectric devices, with improved 

optoelectric properties. The enhanced PLQY of CIS QDs obtained in this study will open 

an opportunity to develop highly stable and efficient QDs based light emitting diodes, 

displays, sensors, lasers, solar cells, and other optoelectric devices. 

5.2 Future studies on super acid treatment of CIS QDs 

We demonstrated that TFSI treated CIS QDs resulted in PLQY improvement of 50 % to 

60% for core-only samples and up to 40% for CIS/ZnS core/shell samples. There are 

several studies indicating that the photoluminescence (PL) mechanism of CIS QDs is due 

to donor to acceptor level (DAP) recombination and band to surface states 

recombination.2,47  Recently, TFSI treatments of MoS2 monolayer surfaces resulted in 

PLQY improvements of roughly two orders of magnitude.52 However, there are no reports 

that demonstrate the effects of TFSI on QD surfaces, or how TFSI may modify carrier 

recombination mechanisms which results in improved PL. Our study has opened a new 

direction for investigation carrier dynamics, and study of CIS QDs surface after TFSI 

treatment. Repeating this research and including the stochiometric CIS QDs in the TFSI 

treatment is one area for future study. The study of stochiometric CIS may allow 
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researchers to understand changes related to organic super acid treatment and provide 

information to better understand the off-stoichiometric CIS QDs results. Understanding 

how TFSI affects the luminescence mechanism and carrier dynamics of CIS QDs after 

treatment is one way to further improve PLQY and decrease the full width at half maxima 

(FWHM) of CIS QDs. Thus, time-resolved PL spectra measurement of CIS QDs with 

different Cu/In ratios, before and after TFSI treatment, will allow researchers to further 

understand origin of emission and carrier recombination in CIS QDs. 

Examining a larger sample size that includes intermediate TFSI concentration between 

20% and 33%, temperature below 100oC with ∆T = 5oC, treatment time, and their 

combination to determine the parameters that influence the PL would also contribute to 

expanding the fundamental understanding of PL from CIS QDs. Finally, evaluating other 

organic super acids for treatment of the CIS core might improve the PL from the CIS QDs, 

and help determine the keys steps for improving PLQY.  
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