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Abstract 

There has been considerable focus on quantum dots (QDs) and nanoparticles (NPs) and their 

extensive applications. Binary and Ternary QDs such as PbS and CuInS2 (CIS) QDs, owing to 

their superior chemical, physical, electrical, and optical properties, are utilized in a wide variety of 

optoelectronic and photonic applications such as solar cells, LEDs, and photodetectors. This 

research describes an inexpensive approach for fabricating self-assembled binary and ternary 

quantum dots (QDs), including PbS and CIS, using a reactive blade coating technique based on 

the in-situ fabrication of QDs from their precursor solutions. Roll-to-roll compatibility makes this 

technique ideal for scalable nanomanufacturing. For PbS QDs, Pb ink, containing the Pb precursor, 

was first produced by dissolving lead acetate in Oleic acid and Octadecene, and S ink, containing 

S precursor, was made by dissolving the sulfur powder in oleylamine (OLA). Fabrication of thin 

films was conducted by first blade coating the Pb ink and then coating the S ink on top of it. Three 

different heating methods (vacuum oven, hotplate in the glovebox, and rapid thermal annealing 

(RTA) were used for heating the blade-coated samples. Different temperatures and heating 

durations were investigated in each heating method to find the best parameter. Crystallographic 

structure and the morphology of the synthesized QDs were characterized with X-ray diffractometer 

(XRD), Energy-dispersive X-ray spectroscopy (EDS), and scanning electron microscopy (SEM). 

Moreover, UV-vis absorption and photoluminescence (PL) emission tests were executed on the 

samples to understand the optoelectronic behavior of the QDs. The obtained result confirmed the 

formation of different shapes of PbS QDs showing PL emission peaks in the UV-vis range that 

can be used in optoelectrical applications. 

Furthermore, the facile blade coating technique mentioned above was also used for synthesizing 

CIS QDs, which are more environmentally friendly particles compared to PbS QDs. In the CIS 

blade coating process, first CuIn ink was prepared by dissolving copper iodide and indium acetate 

in OLA, and S ink was prepared by dissolving S powder in OLA. The in-situ fabrication of CIS 

QDs was performed by first blade-coating one layer of CuIn ink, followed by blade-coating one 

layer of S ink on top of that. The blade-coated samples were heated with the RTA method, which 

was selected as the best heating method for preparing PbS QDs (details mentioned in Chapter 3). 
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Different heating temperatures and durations were tried to heat the blade-coated samples with 

RTA. XRD, SEM, EDS, and transmission electron microscope (TEM) tests were investigated on 

CIS QDs to understand their crystal structure and morphology. Moreover, UV-test and 

photoluminescence tests were also executed on the samples to check their optoelectronic 

properties. 

Another step towards industrialization of the in-situ reactive blade coating system was achieved 

using different techniques to get a full-coverage uniform thin film. Using UV-ozone cleaning, 

oxygen plasma cleaning, and silanization process, we were able to get full-coverage uniform CIS 

thin films (1 × 1 inch). This investigated technique is useful for comprehending the steps required 

to produce uniform, high-quality thin films using a roll-to-roll compatible, simple method on a 

large scale. 
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     Introduction 

Nanotechnology has become the dominant technology in many fields, including engineering, 

electronics, chemistry, physics, material science, and biomaterials[1,2].  

Nanoparticles (NPs) are one of the building blocks of nanotechnology, and they have attracted 

considerable attention due to their wide array of applications, such as optoelectronics, biology, 

biomedical, photocatalysis, and industrial applications. Particles with at least one dimension within 

the nanometer range are classified as NPs. In contrast to their bulk counterparts, NPs have distinct 

properties and can be engineered to demonstrate quantum confinement and enhanced surface 

effects [3–9].  

Quantum dots (QDs) are among the most popular NPs with all three dimensions on the order of 

nm and are usually categorized as zero dimensional materials. Their crystal structure and 

composition can be engineered to create specific optical and electronic characteristics not observed 

in the respective bulk material[10,11]. QDs can be classified based on their properties and 

constituents. This classification can include the following:  

1- Semiconductor QDs (nanocrystals), 2- Metal-based QDs such as Copper, Lead, Zinc, and 

Indium, and 3- Metal alloy-based QDs (bimetallic or trimetallic) such as Cu-In, Au-Ag, Pt-Ru-Sn 

The quantum confinement effect observed in semiconductor QDs has garnered great interest 

because it enables the material properties of these structures to be manipulated[12]. These 

controllable characteristics include absorption and emission when exposed to radiation and 

chemical and physical properties, which are determined by their size and bandgaps[13–15]. The 

quantum size effect can be tailored to different applications, such as optoelectronic, optical, 

biological, and biomedical applications[16–19]. Fig. 1.1 illustrates using QDs in various 

applications[13]. 
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Figure 1.1 - Quantum dots different applications[13]. 

Semiconductor QDs have many applications, but their use in optical and optoelectronic 

applications has been prevalent. This popularity can be attributed to their large surface-to-volume 

ratio, which absorbs more light when they are under radiation and emits bright and relatively 

narrow light spectrum[13,20]. Moreover, they have a tunable bandgap that can be adjusted by 

changing their size, which can result in absorbing light at different ranges, from UV-Vis to IR 

range[21,22]. As a result, QDs can have great potential to be used in lasers, light-emitting diodes 

(LEDs), solar cells, photodetectors, optical fibres, and biomedical imaging[20–24]. Also, 

optoelectronic devices based on QDs have a future scope for telecommunication,  medical 

applications, and military devices[25–27]. 

In the area of binary QDs, lead chalcogenides (PbS, PbSe, PbTe) have been extensively 

investigated for their attractive UV-vis-near-IR optical properties and their potential use in IR 

photodetectors, solar cells, and lasers[28–31]. PbS QDs are the most commonly used lead 

chalcogenide structure in photodetector and solar cell applications[32–34]. With a bandgap of 0.41 

eV at ambient temperature, an absorption edge of 3200 nm, and a large exciton Bohr radius of 18 

nm, PbS facilitates the observation of quantum size effects[32,35]. Also, PbS has favourable 

optical features such as multiple carrier generation, high molar excitation coefficient, and a wide 

range of spectral responses that make these QDs good candidates for photovoltaic devices[36–38]. 
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According to several reports, PbS has shown a high photoluminescence quantum yield and good 

stability when compared to other materials, such as PbSe QDs[39–41]. 

Solar cells, LEDs, sensors, optical fibres, optoelectronic integrated circuits, and photodetectors are 

photovoltaic devices fabricated using different shapes and sizes of PbS QDs[42–46]. Furthermore, 

many composites of PbS with other organic or inorganic structures have been fabricated to increase 

the efficiency of optoelectronic devices, in which PbS plays a key role[47–49]. In addition, PbS 

has been utilized (occasionally as an additive or in a nanocomposite structure) to improve the 

performance of various applications, including photocatalytic and telecommunication 

applications[50–52].  

Specially designed PbS QDs have been widely studied for their unique properties for the above 

reasons[53,54]. The synthesis of PbS QDs has been widely investigated, and a variety of methods 

have been used.  

Hines method is the most famous method for synthesizing PbS QDs and is counted as a hot 

injection method. In this method, a solution containing Pb precursor and some ligands is first 

prepared, then the sulfur solution is quickly added to it while heated. After several steps of 

precipitation and centrifugation, the monodisperse PbS QDs are obtained[55].  

It is important to note that time-consuming processes, such as the Hines method, result in 

additional organic solvents, materials, and energy being consumed, ultimately increasing the price 

of QDs. In order to enhance the market penetration of such vital nanocrystals, it is essential to find 

alternative synthesis methods for producing homogenous PbS QDs that dramatically reduce the 

cost. Moreover, low-cost organized QDs thin films with functional periodic patterns are crucial 

for various applications in optoelectronics, photovoltaics, and chemical and biological 

ones[56,57]. 

Structures such as PbS QDs have been intensively studied over the last two decades because of 

their controllable shape and size for optoelectronic applications[58]. Despite this, their use on a 

large scale is limited due to lead toxicity. Thus,  serious efforts are needed to decrease such toxicity 

to acceptable levels [59–61]. One ultimate solution is to avoid having toxic elements in the 

materials used for given applications. Research efforts have been growing to substitute binary 

structures of PbS QDs with ternary semiconductor QDs, such as CuInS2 (CIS) with I-III−VI2, 
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which are inexpensive heavy metal-free materials and have low toxicity[62,63]. CIS has a direct 

bandgap of 1.5 eV and a high absorption coefficient in the visible/NIR region that correlates well 

with the solar emission range[64,65]. Moreover, as a ternary material, CIS allows further tuning 

of optical properties by changing the ratio of Cu to In in its lattice[66]. 

Chalcopyrite, zinc-blende, and wurtzite are the three most common crystal structures of CuInS2. 

Chalcopyrite is the most frequent CIS structure at room temperature. Some of these structures can 

be stable even above 1100 K.  However, the CIS QDs with wurtzite and zinc-blend structures can 

be synthesized at much lower temperatures because of the high surface-to-volume ratio and lower 

surface energy in smaller sizes[67,68]. The chalcopyrite structure of CIS has been studied for its 

high tolerance to having a wide variety of anions and cations off-stoichiometry, in addition to its 

adjustable band gap and photoluminescence[69]. Meanwhile, in zinc-blende and wurtzite crystal 

structures, metal atoms are randomly located in the sublattice of cations[70]. Because of the 

differences among the three mentioned structures, various optical characteristics can be achieved 

by altering the crystalline phase of CIS QDs[71]. 

CIS QDs have been made with a hot injection, solvothermal, or other colloidal synthesis 

methods[67],[103]. Similar to PbS, the procedures for synthesizing CIS QDs are considered time-

consuming and wasteful of a significant amount of chemicals. The previously utilized techniques 

for synthesizing CIS QDs may not be suited for large-scale manufacturing due to the 

aforementioned factors. 

CIS QDs have very high potential to be used in optoelectronic applications similar to PbS because 

of their features such as enhanced charge-transport properties, size-tunable absorption and 

emission spectra, broad absorption cross sections, and exceptional radiation toughness and defect 

resistance[73,74]. They can be used in LEDs, solar cells and photodetectors and are 

environmentally friendly alternatives to toxic conventional binary structures such as CdS, CdSe, 

and PbS, and may lead to increased device efficiency[75–77]. Moreover, they can be used for 

biomedical applications such as biological cell imaging and fluorescent probes[62,78].  

Also, CuInS2 structures can be used for photocatalytic applications because of their attractive 

features, such as strong visible-to-NIR light absorption efficiency and tunable bandgap[78]. They 

can be used as a photocatalyst for producing hydrogen with a reasonable efficiency[79] or increase 

the photoresponse range of a composite photocatalyst[80].  
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In most cases, for depositing NPs and QDs on surfaces or forming them directly into thin films, 

conventional liquid-based methods require prior preparation of colloidal solutions of NPs and QDs 

followed by purification and washing processes to obtain a uniform and narrow size distribution, 

and the functionalization of substrate surfaces (and/or the particles) to obtain homogeneous 

ordered assembly of thin layers. As a result, this results in more processing time and increased 

costs. Some of the most popular conventional methods of depositing and synthesizing NPs are 

described in more detail in Chapter 2 (literature review). 

In light of the above and the details described in Chapter 2, Jabbour’s group has introduced some 

in-situ reactive printing and coating methods to synthesize self-assembled metallic NPs such as 

silver and gold NPs with uniform order and size[81,82]. In one of their works for synthesizing 

gold NPs with reactive inkjet printing, they used low cost precursors and solvents with almost zero 

dangerous byproducts. Also, the synthesis and printing process time was less than one minute, 

which is far less than most other preparation techniques for gold NPs[81].  

It is worth noting that a short shelf lifetime, leading to a colloidal solution of NPs with a broad size 

range, is observed for commercial colloidal QDs and NPs[83]. However, in the in-situ reactive 

printing method mentioned above, the ink containing the precursors can be stored for months and 

years without any reaction or formation of NPs until they are printed on top of each other. 

In the in-situ reactive printing process, the precursor inks are printed on each other using silicon 

or glass substrates. The sizes of the self-assembled homogenous gold NPs achieved were about 

8±2 nm, smaller than the ones produced by traditional synthesizing techniques[81]. However, 

inkjet printing is an expensive technique because of the high cost of printer cartridges that clog 

with time and raise the cost of NPs or QDs production. Thus, a quicker and more financially viable 

reactive printing or coating method must be developed to meet the low cost and widespread 

application of QDs or NPs with uniform size distribution. 

Several roll-to-roll-compatible techniques, including blade coating, gravure printing, and slot die 

coating, can implement an efficient coating process. In this regard, Jabbour’s group synthesized 

and deposited silver NPs on a glass substrate, textiles, and a surgical mask with an in-situ reactive 

blade coating method. These blade-coated thin films were highly disinfectant against SARS-CoV-

2[82]. Compared to in-situ reactive inkjet printing, in-situ reactive blade coating is a quicker and 
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more cost-effective method worthy of investigation for making low-cost, ubiquitous QDs. A 

schematic of a roll-to-roll blade-coating system is shown in Fig. 1.3. 

 

Figure 1.2 - Schematic of a roll-to-roll blade-coating system[84]. 

Here, in this thesis, I used in-situ reactive blade coating to synthesize binary and ternary QDs such 

as PbS and CuInS2. Blade coating was chosen for this study due to its potential for roll-to-roll QDs 

production. In this synthesizing method, QDs with uniform sizes and ordered layers were 

generated on the surface of substrates. Successful implementation of this low-cost method could 

significantly reduce QDs ' prices when used by the industry. 

For each of the investigated QDs, different factors, such as the precursor concentration, and 

parameters for different heating procedures, such as the heating time and temperature, were 

investigated.  

The main objectives of this research are the followings: 

1. Analyze in-situ self-assembly of PbS and CuInS2 in a roll-to-roll compatible, reactive blade 

coating technique. 

2. Investigate various heating methods, temperatures, and heating durations for drying the 

blade-coated samples and evaluate their impact on the coating uniformity and QD size 

range. 

3. Illustrate the potential of the in-situ reactive blade-coated samples for photovoltaic devices 

by performing UV-Vis absorption measurements and photoluminescence tests on the 

synthesized QDs.  
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Chapter 2 will describe an overview of different synthesizing and coating methods for PbS and 

CuInS2. It will also demonstrate the application of these QDs in different optoelectrical and 

photovoltaic devices.  

Chapter 3 will present the synthesizing process of PbS QDs using an in-situ reactive blade coating 

method and the various heating methods used for drying the blade-coated samples. It will also 

discuss the precursors used for synthesizing these QDs and the different parameters investigated 

for synthesizing and drying them. The characterization techniques, the analysis, and their results 

will also be described. The UV-vis and photoluminescence results of PbS QDs will also be 

presented in this chapter to demonstrate the potential of these QDs in optoelectronic devices. 

Chapter 4 will demonstrate the fabrication process of self-assembled CuInS2 QDs using the 

reactive blade coating method. Then the discussion will be followed by various characterization 

tests and their results. Different parameters investigated for these QDs will be explained, and the 

efforts undertaken to create a uniformly thin film will be investigated.  

Chapter 5 will demonstrate the overall conclusion of the in-situ reactive blade coating 

manufacturing of self-assembled binary and ternary QDs, which are viable materials for 

photovoltaics and optoelectronics in the future. Also, we will comment on the possible extension 

of such facile synthesizing and coating techniques for usage on an industrial scale. 
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 Background 

 Nanomaterials and nanoparticles 

Nanoparticles (NPs) are tiny particles with at least one dimension less than 100 nanometers. They 

can be made from a various materials, such as metals, metal oxides, polymers, and ceramics. Due 

to their ultra-small dimension, high surface-to-volume ratio, and quantum effects, NPs possess 

unique physical, chemical, and biological properties. Their optical, magnetic, electrical, and 

catalytic properties are distinct from their bulk counterparts[85]. These characteristics make NPs 

applicable to various applications, including electronics, energy, medicine, and environmental 

services[86], to mention a few. 

NPs have a large surface area compared to their volume because of their tiny size. This expanded 

surface area makes NPs more reactive and improves their potential physical and/or chemical 

attachment to other materials. Also, specific NPs can self-assemble into organized structures due 

to their size and structure. This characteristic has potential use in nanotechnology, including 

manufacturing nanoscale electrical devices[87]. 

 Quantum dots 

Quantum dots (QDs) are nanoscale semiconductor particles with zero dimensions, and their 

electrical and optical properties differentiate them from bulk materials. QDs may produce multiple 

wavelengths of light based on their size, making them ideal for various applications, including 

lighting, displays, and biomedical imaging. In addition to their usage in photography and displays, 

QDs are being studied for various applications, such as solar cells, sensors, and single-electron 

transistors[88]. 

The size and composition of QDs control their electrical and optical characteristics. When light or 

heat excites a QD, one electron is elevated to a higher energy level. This electron can then 

recombine with a hole to release energy as a photon of light. Because the energy of the released 

photon is proportional to the energy difference between the starting and final states of the electron 

(which is proportional to the size of the QD), the size of the QD determines the colour and 

wavelength of the produced light[89]. 
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 Quantum confinement effect 

Quantum confinement is a phenomenon that happens when a material's dimensions are decreased 

to a few nanometers or less. When a material is shrunk to this level, the confinement of electrons 

alters the material's electrical and optical characteristics. This confinement leads to the 

quantization of the electronic energy levels, resulting in variety of unique and fascinating 

features[90]. 

One of the most significant effects of quantum confinement is that the material's bandgap changes 

when its size is decreased. In this regard, the bandgap of nanoscale materials can be controlled by 

varying their shape and dimension[91]. This gives rise to more degrees of freedom to control the 

quantum effects in 1 dimension (1D), 2D, or 3D. 

Fig. 2.1, from left to right, illustrates the transition in electronic energy levels from bulk 

semiconductors to small nanocrystal semiconductors (QDs) and then to a cluster of only a few 

atoms. When the QD size decreases, the bandgap increases with more distinct energy levels 

appearing at the band edges, as seen in Fig. 2.1. The phenomenon associated with the band gap 

widening is known as the "quantum confinement effect"[92]. 

 

Figure 2.1 - Quantum confinement effect: Comparison of bulk, semiconductor nanocrystals (QDs), 

and molecules reveals the size-dependent bandgap of nanocrystals and the creation of distinct states 

near the band edge[92]. 

Changes in dimension significantly impact the density of states (DOS). The energy of the bands 

of a bulk semiconductor is proportional to their square root. Moreover, in a 2D quantum well, 

excitons can travel in two dimensions but are limited in the lateral dimension. This leads to a 

stepwise DOS with a constant dependence in which all energies are available but only rise in 
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quantifiable steps. With a quantum wire, the exciton can only go in one direction. Thus, a DOS 

with an inverse square energy dependency is produced. Here, the DOS only grows in quantifiable 

increments but decreases rapidly between each quantified step. Lastly, 0D, quantum confinement 

in all 3 dimensions, QDs exhibit a DOS with states permitted only at specific energies as shown 

in Fig. 2.2[93]. 

 

Figure 2.2 - Schematic representation of a three-dimensional (3D) bulk semiconductor and the related 

two-dimensional (2D), one-dimensional (1D), and zero-dimensional (0D) quantum nanostructures. 

The joint density of states D(E) between the conduction band (CB) and the valence band (VB) is 

represented as a function of the energy [93]. 

As a further consequence of the quantum confinement effect, the state density of a material varies 

when its size is diminished. Due to the quantization of energy levels, the density of states in 

nanoscale materials is discrete, whereas it is continuous in bulk materials. This discrete state 

density significantly affects nanoscale materials' optical and electrical characteristics. QDs offer 

various potential uses in fields such as electronics, photonics, and sensing due to the quantum 

confinement effect's distinctive features[94]. 

 PbS quantum dots and nanoparticles 

A significant interest has been generated in synthesizing PbS QDs and NPs due to their large size 

tunability over the UV-Vis-NIR region and strong quantum confinement effect[95]. PbS is a direct 

bandgap semiconductor with a 0.41 eV bandgap and a large 18 nm exciton Bohr radius. 
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 Synthesis of PbS quantum dots and nanoparticles 

Top-down and bottom-up are two ways to approach PbS NPs. In the top-down approach, PbS NPs 

are synthesized using various methods by reducing the size or breaking down the bulk structure to 

the nanoscale size. For instance, PbS QDs and NPs have been synthesized using top-down methods 

such as vacuum evaporation of bulk PbS and solid-state grinding synthesis[96,97]. These 

approaches require complicated manufacturing equipment and cannot produce particles with 

tunable sizes. In bottom-up approaches, which are most common for synthesizing PbS NPs, NPs 

are formed from tiny atoms and molecules. Some of these synthesizing methods, such as the 

aqueous solution phase method and synthesis with the help of glass fabrication and polymer films, 

have been tried to achieve PbS QDs and NPs[98–100]. 

 Wet-chemical methods 

Among the various bottom-up approaches for synthesizing nanomaterials, direct chemical 

synthesis methods, such as wet-chemical synthesis, are major methods for synthesizing binary NPs 

and QDs. Wet-chemical synthesis techniques demonstrate controllability and reproducibility to a 

great degree for producing nanocrystals and are established as effective, inexpensive ways to 

produce PbS QDs of excellent quality. Some of the most famous wet-chemical synthesis 

approaches for synthesizing PbS particles are solvothermal and hot injection methods[101]. 

• Solvothermal synthesizing method 

A solvothermal method is one of the popular methods used for synthesizing PbS QDs. Cheng et 

al. synthesized PbS QDs using a sulfur stock solution containing sulfur powder in Oleylamine 

(OLA) and a lead solution containing lead chloride in OLA. The sulfur stock solution was added 

to the Pb solution, and it was stirred and heated to make PbS QDs, followed by the centrifugation 

and washing process[102]. Moreover, in another study, Zhang et al. synthesized PbS NPs with 

different shapes using lead acetate as the Pb source and thiourea as the sulfur source. The two 

precursors were put in a stainless-steel autoclave, and then L-cysteine was added. L-cysteine is an 

amino acid, and different concentrations of it affect the growth and final shape of PbS particles. 

Different solvents, such as water, ethanol, and ethylene glycol, were added to the autoclave and 

heated for a different amount of time to make PbS particles with different shapes[103]. 

• Hot injection method  
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A hot injection is one of the most famous synthesizing methods to produce monodispersed 

colloidal NPs and QDs with homogenous sizes and shapes[104]. Using this wet-chemical synthesis 

method, a cold solution containing one or more precursors is rapidly injected into a hot solution 

containing other precursors or surfactants and a solvent with a high boiling point[105].  

Conventional theories state that nucleation and diffusion-controlled growth are the most significant 

variables in colloidal synthesis for controlling size distribution. Several papers on the synthesis of 

uniform nanocrystals over the past two decades have popularized the hot-injection approach for 

obtaining uniform nanocrystals of diverse materials, such as metals, semiconductors, and oxides. 

The mechanism of making NPs and QDs in the hot injection method is based on nucleation and 

growth[106]. A schematic of the formation mechanism of NPs in this synthesizing method is 

shown in Fig. 2.3. The time development of the number of particles and the relative standard 

deviation of the size distribution is depicted in the Figure. 

Based on the Figure, stable nuclei can grow into bigger particles during the nucleation phase, and 

the number of particles in the solution grows fast, accompanied by a broadening of the size 

distribution. The relative standard deviation of the size distribution, 𝜎𝑟, achieves its maximum 

value at the end of the nucleation period. The process then enters the growth phase, during which 

the number of particles remains constant, and their size distribution narrows[107]. 

 

Figure 2.3 - Schematic illustration of the size-distribution control process in the hot injection 

method[107]. 

• Hines method 

Hines method is the most famous method used for synthesizing PbS QDs. An investigation into 

how parameters of the synthesis affect the shape of QDs was conducted in this method. In the 
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Hines method, the synthesis of size-tunable PbS QDs was accomplished utilizing economical and 

comparatively clean precursors. Lead oleate was used as the lead precursor, and 

bis(trimethylsilyl)sulfide (TMS) was used as the sulfur source. Moreover, Oleic acid (OA) was 

used as the stabilizing agent and growth solvent, and Octadecene (ODE) was used as a non-

coordinating high-boiling solvent for sulfur precursor. Oleic acid controls particles' nucleation and 

growth by affecting monomers' reactivity. PbO was first dissolved easily in OA for synthesis, then 

TMS in ODE was injected into it after heating. When the S precursor was added to the Pb-oleate 

mixture, the reaction vessel's quick brown colour shift indicated a fast nucleation event. Neither 

stacking faults nor lattice defects were present in the achieved nanocrystals. The sizes of the QDs 

achieved by this method were in the range of 2-7 nm[55]. 

Moreover, this synthesis technique led to the generation of various particle shapes. As soon as 

sulfur solution was injected into the reaction, particles removed from the reaction appeared to have 

sharp angles and facets, so they grew along the crystal's favoured orientations. However, the 

decreasing number of sharp edges on the particles due to increased heating time suggests that 

extended heating tends to smooth the morphology of the particles[55]. 

Many other reports follow the Hines method as their reference for synthesizing PbS QDs, mainly 

with some modification or changes in the precursors, ligands, or solvents. Also, sometimes, they 

use the same precursors and ligands but change the heating duration and temperature of 

synthesizing process[108]. Other lead precursors such as lead acetate and lead chloride and other 

sulfur precursors such as thioacetamide, Na2S, sulfur powder, and thiourea have been used as 

precursors for this specific hot injection synthesizing method[109]. In the mentioned Hines 

method, TMS was used as the sulfur precursor, which is expensive and toxic, has a bad smell, and 

is a very reactive material. As a result, a glovebox or another vacuum system is needed during the 

synthesizing process, which makes this process unsuitable for industrial applications. In a 

recent study, Owen et al. synthesized PbS QDs with tiny diameters and a narrow range of sizes. In 

their report, they used thiourea as the sulfur source. Due to the toxicity of thiourea, gloveboxes 

may be necessary during certain steps of the QDs synthesis[110].  

The sulfur powder can be used as a substitution for TMS (trimethylsilyl) and thiourea in 

synthesizing. Sulfur powder is a more environmentally friendly alternative as it does not produce 

the harmful byproducts that TMS and thiourea can produce during synthesis. Additionally, sulfur 
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powder is less toxic and has a lower cost than TMS and thiourea, making it a more attractive option 

for green chemistry applications. Another ligand that can be used in the hot injection synthesizing 

process (close to the Hines method) is Oleylamine (OLA, C18H35NH2)[111]. Oleylamine is an 

organic solvent that can act as capping and reducing agents in wet-chemical synthesizing 

processes. It is composed of a long hydrocarbon chain and one amino group. 

Sulfur powder was used instead of TMS in the Hines method by Cademartiri et al. for the first 

time[112]. In their synthesizing method, lead chloride was used as the lead source and added to 

Oleylamine to make a suspension. While heating, S precursor in OLA was injected into it. The 

sizes of the spherical QDs obtained from their synthesis were 2-6 nm by changing the PbCl2:OLA 

ratio[112]. Figure 2.4 shows the same synthesizing process in another report[113]. Using PbCl2 

and S powder as lead and sulfur sources for synthesizing PbS nanocrystals, among other 

precursors, offers the advantages of using a sustainable and stable S source, involves practical 

synthetic procedures, and is relatively inexpensive[111].  

Moreover, lead oleate or oleic acid lead salt used as a lead precursor in the Hines method can be 

made with lead acetate in oleic acid (OA) instead of lead oxide in OA. For instance, Deng et al. 

used lead acetate in OA and n-decane as the lead precursor to synthesize PbS QDs with the hot 

injection method[109]. Also, in another report, lead oleate was prepared by using lead acetate as a 

lead source, OA, and hexadecane in a three-neck flask under nitrogen gas, without using air-

sensitive compounds throughout the reaction procedure, and then used as a lead precursor for the 

hot injection synthesis of PbS QDs[114]. Also, in another report, PbS QDs were synthesized with 

a hot injection method using lead precursor, which was prepared by adding lead oxide or lead 

acetate trihydrate to OA, a stabilizing agent, and dissolving the mixture in ODE, a non-

coordinating solvent, for use in solar cells with high power conversion efficiency. Using lead 

acetate instead of lead oleate in the PbS synthesizing process can have the beneficiary of using a 

more stable soluble salt with a lower melting point and better availability[115–117]. 
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Figure 2.4 - Schematic diagram of PbS QDs synthesizing process[113]. 

Some of the problems of these synthesis methods (solvothermal and hot injection, for instance) 

include high reaction temperatures, making them difficult to control and potentially causing 

damage to the materials being synthesized. Additionally, these methods may need to be better 

suited for mass production, as they can be time-consuming and require specialized equipment. 

Additionally, the excessive use of surfactants can be problematic, as they may not be removed 

entirely from the final product and can affect the properties of the synthesized material[82,118]. 

 Self-assembled thin-film nanostructures 

In addition to colloidal NPs and QDs, which can be used for various purposes, self-assembled NPs 

or QDs thin films have also captured the attention of many researchers over the last decade. They 

can be used in chemical, biological, electrical, and optical applications[119]. To mention a few 

applications, the thin films of self-assembled QDs have been used in solar cells, sensors, LEDs, 

photodetectors, bioimaging, photocatalysis and water splitting[120–124]. Binary and ternary 

semiconductor QD and NP thin films, including PbS QDs thin films, are among the most 

prominent examples of self-assembled thin film structures employed in numerous 

applications[125,126]. 

An inorganic semiconductor thin film, such as a coating made of PbS QDs, is affected by particle 

shape, size, and packing. So, the production of NPs and the creation of thin-film structures can 

significantly affect the characteristics of films. Having mentioned that, it is evident that finding 

the best fabrication method for making thin films is crucial. Fast, easy, and inexpensive solution-

based thin-film deposition approaches have been widely used in various applications[127,128]. 

Some of these thin film deposition techniques will be discussed thoroughly in section 2.4 of this 
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thesis. As a whole, PbS QDs and NPs self-assembled thin films can be produced with vast 

depositing methods. Optoelectronic devices such as photovoltaic cells and photodetectors can be 

fabricated using PbS thin films since these thin films possess several desirable properties such as 

direct bandgap and large exciton Bohr radius[129,130]. 

 Optoelectronic applications of PbS nanoparticles and quantum dots 

PbS NPs and QDs can have various applications. Their applications can include optical and 

electrical applications such as solar cells, LEDs, sensors, and photodetectors. As mentioned earlier, 

PbS QDs have some amazing features, making them suitable candidates for optoelectronic 

applications. As mentioned previously, PbS QDs are semiconductors with direct bandgap and a 

large Bohr radius of 18 nm. Additionally, they have characteristics like multiple carrier production 

and a high molar extinction coefficient that make them suitable for solar devices[44,44]. Some of 

the most famous optical applications of PbS QDs and NPs are mentioned below.  

 Solar cells 

Renewable clean energies have been promoted to combat global warming and environmental 

pollution, especially solar energy. QD-based solar cells with high power conversion efficiency 

have emerged as one of the most promising candidates for solar cells thanks to their multiple 

charge carrier generation feature[131,132]. Moreover, the potential of solution-processed 

photovoltaic solar cells based on colloidal lead chalcogenide QDs is enormous. Among lead 

chalcogenides, PbS QDs with narrow bandgaps, large Bohr radius, and high absorption 

coefficients are good candidates for QD solar cells. 

In Figs. 2.5(d) and (e) spin-coated PbS layers were used to form colloidal QDs solar cells, showing 

photovoltaic efficiency of 5.5%[192] and 8%[193]. Also, in another work, shown in Fig. 2.5(f), 

researchers achieved 10.7% efficiency from a QD solar cell consisting of a layer of PbS QDs, with 

the help of a self-assembled monolayer (SAM) as a buffer layer between the ZnO layer and PbS 

QDs layer. The buffer layer had the role of decreasing interface carrier recombination and 

enhancing electron collection[133].  
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Figure 2.5 - a–c) Schematic illustration of spin coating process showing the different steps involved. 

d) Schematic drawings of the cross section of depleted bulk heterojunction PbS QD solar cells. e) 

Schematics of inverted quantum junction PbS QD solar cells with a color gradient indicating the 

charge depleted portion of the device using mercaptopropionic acid, bromide, and iodide for the solid-

state ligand exchange. f) Schematic of a prototypical PbS QD device structure, including a SAM 

between the ZnO and the PbS CQD film[134]. 

Blade-coated PbS QDs have also been used in QD solar cells. Blade coating is an inexpensive, 

simple method for depositing QDs on different substrates and making good quality uniform thin 

films on a large scale. Blade coating deposition can happen on various substrates with few amounts 

of waste. More details about the blade coating technique will be mentioned in section 2.4. Solar 

cells have been fabricated using blade-coated PbS QDs with 10.01% photovoltaic efficiency, a 

performance comparable to that of solar cells fabricated with spin-coated PbS QDs layer[135]. 

Also, in another report, Kirmani et al. fabricated QD solar cells with more than 10% efficiency, 

using blade coated PbS layer, with one oxygen doping step to make PbS layer in ambient 

conditions regardless of seasonal fluctuations in relative humidity[136]. It is worth mentioning 

that in solar cells made with blade-coated PbS QDs layer compared to solar cells with spin-coated 

PbS QDs layer, less amount of solution was used, leading to negligible solution waste, which 

makes blade coating a more efficient method that might be incorporated in fabricating solar cells 

based on such materials on an industrial scale[136]. 

 LEDs 

LEDs or light-emitting diodes are semiconductor devices that emit light upon current flow through 

the device. LEDs can be manufactured with various materials, such as different organic and 

inorganic structures [137]. LEDs manufactured with epitaxy from direct-bandgap semiconductors 
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are relatively expensive and problematic to integrate with other materials that do not have specific 

lattice matching. On the contrary, LEDs fabricated with colloidal semiconductor QDs are more 

economical, solution-processable, and can be directly merged with silicon[138] or any other 

material. Lead chalcogenides have been used in LEDs, and they possess the highest recorded 

photoluminescence quantum yield across typical near infrared QDs emitters, with PbS QDs 

varying between 60% at wavelength of 1 m and 30% at 1.5 m[139]. Zhang et al. fabricated an 

LED device using PbS QDs -silicone nanocomposite that showed good long-term stability[43]. In 

another work, Sun et al. used spin-coated PbS QDs layers as emitters in the LED structure. They 

achieved 2.0% external quantum efficiency by controlling the spacing between PbS dots. They 

adjusted the distance between QDs in the range of 1.3 nm by using linker molecules with three to 

eight CH2 groups[140]. Moreover, an LED having a 4.9% power conversion efficiency was 

achieved by Gong et al. using PbS QDs in a mixed halide perovskite matrix[141]. 

 Sensors and photodetectors 

Photodetectors are light-sensitive sensors that convert photon energy into an electrical signal. 

Utilizing semiconductor materials with strong light extinction coefficients, carriers with high 

mobility, and the capacity to absorb light in a range where silicon cannot is one way to increase 

the performance of photodetectors[142,143]. Semiconductor QDs in photodetectors may increase 

light trapping and strong nonlinear interactions due to their specific characteristics, such as charge 

carrier confinement and adjustable bandgaps[104,144]. Among different semiconductors, PbS 

QDs have been used in several photodetectors[145]. Lacovo et al. fabricated PbS QDs 

photoconductors with high detectivity and responsivity. They used simple, low-cost fabrication 

and deposition procedures (drop casting) to make PbS photoconductors[46]. In another report, 

layer-by-layer spray-coated PbS QDs were used to fabricate a photodetector. The whole process 

of device fabrication, including the spray coating step, is shown in Fig. 2.6. The performance of 

the aforementioned photodetector device in terms of detectivity and responsiveness was rather 

good, and it demonstrated exceptional potential for usage in large-scale production[146]. 



 19 

 

Figure 2.6 - Schematic for the photodetector device fabrication processes, including inter-digitated 

electrode (IDE) substrate made by a lithography process (i–v), QDs’ deposition process via spray 

coating (vi), ligand exchange treatment process (vii) and final device structure (viii)[146]. 

 CuInS2 (CIS) nanoparticles and quantum dots 

Several studies have been conducted on CuInS2 (CIS) NPs and QDs, ternary structures that are 

remarkably cheap and have low toxicity. They may be a better alternative for optoelectronic, 

catalytic, and biological usage than toxic binary structures such as PbS[67,147]. With a direct 

bandgap of 1.5 eV, CIS exhibits a strong absorption coefficient in the visible and near-infrared 

regions, matching the spectrum of solar emissions. The three main crystal structures of CIS NPs 

are shown in Fig. 2.7. Chalcopyrite is the most common CIS structure at ambient temperature. A 

key characteristic of the chalcopyrite structure of CIS is its ability to tolerate a wide range of anions 

and cations off stoichiometry, as well as its tunable band gap and photoluminescence. CuInS2 has 

a tetragonal crystal structure when crystallized as chalcopyrite, composed of two interlocking 

lattices of sulfur and metal ions. In other words, in the CIS chalcopyrite structure, each S atom is 

surrounded by two In and two Cu atoms[148]. 

Two other CIS structures are zincblende and wurtzite. The chalcopyrite is thermodynamically 

preferred at room temperature, as mentioned above, whereas the zinc-blende and wurtzite 

structures are stable from 1253 to 1318 K and 1318 K to the CIS melting temperature, which is 

1400 K, respectively. At room temperature, the zincblende and wurtzite structures may transform 

into chalcopyrite. However, zinc-blende and wurtzite structure nanocrystals can be synthesized at 

a significantly lower temperature due to their reduced surface energy in the nano-scale region[67]. 
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The choice between the three structures depends on the conditions such as temperature, pH value, 

and growth condition under which CIS is formed. For instance, an active ligand species has been 

reported to be crucial to forming CIS NPs with wurtzite structures by capturing the metal ions to 

control the nucleation and growth of the NPs[149]. 

Various optical and electrical properties can be obtained from CIS QDs/NPs by modifying their 

crystalline phase [150–152]. Since optoelectronic usage of CIS QDs is the primary appeal of these 

materials, as far as this thesis is concerned, the discussion below will be confined to highlighting 

a few advancements in areas such as manufacturing and synthesis of CIS QDs for use in 

optoelectronic applications. 

 

Figure 2.7 - Structure of (a) chalcopyrite, (b) zinc-blende and (c) wurtzite CuInS2[67]. 

 Synthesizing and printing of CIS nanoparticles 

CuInS2 NPs and QDs have been synthesized with various methods such as hot injection method 

similar to PbS QDs, solvothermal methods[76], solid-state reaction[153], microwave 

irradiation[154], hydrothermal synthesis[155], and thermolysis methods[156]. For example, Yue 

et al. synthesized 2-4 nm CIS QDs with a solvothermal method for electron acceptors in hybrid 

solar cells. In their method, 4-bromothiophenol (HSPh) was used as both reducing and capping 

agents and the precursors contained CuCl2, InCl3 as the copper and indium source, and Na2S as 

the sulfur source. In this method, CuCl2 and InCl3 were first dissolved in ethanol, followed by the 

addition of HSPh solution under stirring. Na2S in ethanol was then added, and an autoclave was 

used to heat the resulting solution to facilitate the formation of the QDs. After cooling the autoclave 

to room temperature, the QDs were obtained by centrifugation of the resulting colloidal solution, 

followed by multiple washing steps in ethanol and drying under vacuum[75]. In another report, 
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Wang et al. synthesized chalcopyrite CIS structures with one step hot injection method. In this 

method, they added two metal precursors, CuI and In(Ac)3, to oleylamine, followed by degassing 

the mixture to remove oxygen. Afterward, the solution was heated, and a sulfur precursor was 

rapidly injected. The sulfur precursor contained dissolved sulfur powder in oleylamine, 

octadecene, or diphenylphosphine. It has been observed that the three sulfur precursor solutions 

exhibit notably distinct reactivities toward the formation of CIS QDs. The synthesizing process is 

shown in Fig. 2.8. After adding sulfur solution to Cu and In solution, both Cu+ and In3+ cations 

react with DPP-S (diphenylphosphine-sulfur) to make Cu-In-(DPP-S)x structure, which will 

decompose at a specific temperature to make CIS QDs. This approach resulted in the synthesis of 

high-quality chalcopyrite CIS structures, which were subsequently deposited using drop casting to 

form QDs solar cells[65]. 

 

Figure 2.8 - (a) Schematic diagram of the evolution of CIS QDs[65]. 

Also, Pan et al. synthesized CIS nanocrystals with a hot injection method using Cu(dedc)2 and 

In(dedc)3 as copper and Indium sources (dedc as diethyl dithiocarbamate), dodecanthiol (DDT) as 

sulfur source and capping agent, and oleylamine as the activation agent. Oleic acid was also used 

as a capping agent. By modifying the concentration and type of capping agent, reaction 

temperature, precursor ratios, and amount of added oleylamine, they could synthesize zinc-blende, 

and wurtzite CIS structures having an average size of 2 to 30 nm[150]. There are many more 

examples of chalcopyrite, zinc-blende, and wurtzite CIS structures synthesized with hot injection 

or solvothermal methods used in solar cells and LEDs. Just as in the PbS case, extra steps were 

required to produce CIS QDs, including purification, sonication, and long processing and heating 

times. Moreover, the amount of waste product from this synthesis approach is high. In addition, 

coating such pre-made QDs into thin films requires extra time consuming steps leading to more 

cost[156,161]. 
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  Optoelectronic applications of CIS quantum dots 

CIS QDs synthesized with different methods have been used in optoelectronic applications such 

as solar cells and LEDs. 

 Solar cells 

CIS QDs have been used as sensitizers in solar cells[156]. For instance, Peng et al. have used 

solvothermal synthesized 3.5 nm CIS QDs chemically linked to pentatitanate nanobelt films with 

the help of a linker molecule. The nanobelts sensitized with CIS QDs were used in a solar cell as 

a photoanode and showed good photovoltaic conversion good efficiency (about 1.05%)[162]. 

 LEDs 

Due to their vast and colour-tunable emissions, and massive Stokes shifts, CuInS2-based QDs are 

developing as low-hazard materials alternatives for LED fabrication. Bai et al. fabricated an LED 

structure using hydroxyl-terminated CIS-based QDs. In their study, the CIS-based QDs were used 

as an emitter layer. The resulting LEDs showed good luminescence properties and a 3.22% 

external quantum efficiency. The mentioned CIS QDs were synthesized with the hot injection 

method prior to LED fabrication[163].  

 Thin-film deposition 

In recent years, coating and printing techniques have been widely used for thin-film deposition on 

both large and small scales. There are lots of widespread printing and coating techniques available 

for depositing thin films of NPs and QDs. Among these techniques, roll-to-roll printing is a desired 

coating choice. In the roll-to-roll printing technique, a flexible substrate is continuously transferred 

between huge rollers, and deposition can occur successively to build several films and layers. The 

outcome is rolls of coated flexible substrates produced in an economical and convenient approach, 

compared to conventional coating methods such as drop and dip coating. Many manufacturing 

industries, including IT, electronics and computers, energy, textiles, medicine, metal products, and 

life science, to mention a few, use the roll-to-roll deposition technique. Finding a convenient QDs 

and/or NPs thin film deposition technology compatible with the roll-to-roll process would be an 

ideal choice for industrial mass production in various technological fields, including displays, solar 

cells, medicine delivery, etc. [164]. Here, we will describe some popular printing and coating 

methods that can be used to fabricate NPs- and QDs-based thin films. 
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 Printing techniques 

In printing, a shape or pattern is directly transferred on a substrate during deposition. So in this 

process, deposition and patterning are happening at the same time. Some famous printing methods 

compatible with the roll-to-roll process are gravure printing, flexographic printing, screen printing, 

and inkjet printing. The mentioned printing methods have been widely used for printing different 

NPs and QDs. The gravure printing process, also called rotogravure printing, is a high-quality, 

high-speed, long-run printing process mainly used for producing large volumes of magazines and 

newspapers. In this printing method, the ink is transferred to the substrate’s surface by rotating 

engraved cylinders[165]. NPs have been printed using gravure printing on flexible substrates for 

electrochemical sensors[166]. A simple schematic of the gravure printing technique is shown in 

Fig. 2.9[167]. 

 

Figure 2.9 - Structure of Gravure printing technique[167]. 

Flexographic printing is another printing technique that is somehow related to the gravure printing 

technique. Flexographic printing or flexo printing is a relief printing technique in which ink is 

transferred from a raised printing plate cylinder to the surface of the substrate using quick-drying 

inks. This printing technique is faster than gravure printing and can be used to print on various 

substrates such as paper and plastic, but sometimes the film quality is much better in gravure 

printing[168]. Different NPs, such as ZnO and In2O3, have been printed by flexo-printing to be 

used in sensors and transistors[169,170]. 

Screen printing is another method to produce a printed design by forcing ink through a stencil 

formed on a mesh screen. Screen printing can be performed on flat or curved surfaces made up of 
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paper, fabric, plastic, ceramic, and metal[171]. This technique has been used to print organic and 

inorganic NPs for stretchable electronics, sensors, and electrochemical applications[172–174]. 

Figure 2.10 shows a schematic of the materials available for preparing printable ink for screen 

printing of stretchable electronics[175]. 

 

Figure 2.10 - Schematic of materials used to prepare a printable ink for screen printing[175]. 

In all the mentioned printing techniques, the substrate briefly comes into contact with some 

elements of the printing process[176]. Among the noncontact printing approaches, inkjet printing 

is the most popular due to its simplicity. In such technique, the ink is forced into a nozzle forming 

a droplet that is ejected onto a substrate. No physical contact between the printing head and the 

substrate occurs during this process. Ink viscosity and concentration of particles, velocity of the 

ink droplet, ink surface tension and the wettability on a given surface are some significant factors 

in the inkjet printing process[177]. 

In the inkjet printing process, dimensionless fluid mechanics quantities such as the Reynolds 

number, Weber number, and Ohnesorge number must fall within an acceptable range for it to be 

successful[177,178]. In materials and device research, various types of inks have been used in 

inkjet printing, including semiconductor NPs, metal NPs, conducting polymers, and metal-organic 

hybrids in flexible electronics, sensors, light-emitting diodes, and solar cells[179,180]. There are 

two modes for inkjet printing technique. One is drop-on-demand inkjet printing, and the other is 

continuous inkjet printing, as shown in Fig. 2.11[181]. Also, inkjet printers may use piezoelectric 

or thermal printheads to form and eject the ink droplets. Drop-on-demand inkjet printing has been 

used to fabricate PbS directly on papers at room temperature[182]. Also, inkjet-printed PbS NPs 

have been used in fully printed low-cost photodetectors[183]. 
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Figure 2.11 - Schematic showing a. continuous inkjet printing, b. drop on demand inkjet 

printing[184]. 

 Coating techniques 

Many coating techniques have been used for depositing QDs and NPs on top of different substrates. 

Some of the most well-known coating methods, such as spin, spray, dip, drop, and blade coating, 

are mentioned below. These techniques have varying precision, cost, and scalability levels, making 

it essential to select the most appropriate technique for a specific application. 

 Spin coating 

Spin coating is a method that uses centrifugal force to distribute a given liquid into thin films on a 

given flat substrate. In this coating method, a rigid substrate is spun quickly after having the liquid 

dropped onto it. Rotation is carried out until the excess solution spins off the substrate and the 

required film thickness is left behind. The factors which can affect the film's thickness and the 

final quality are surface wettability, solutions’ viscosity, spin duration, density of the solution, spin 

rate, and solvent evaporation rate. Spin coating often necessitates drying or heating, regardless of 

the deposited medium. This coating technique is a typical technique for deposition of polymers, 

NPs, QDs, and biomaterials[185]. The schematic of the spin coating process is shown in Fig. 2.12. 

Incidentally, Fig. 2.5(a-c) shows the process of spin coating of PbS QDs, in which the obtained 

thin film was used as the absorber layer of a solar cell. The electron and hole transport layers were 

made with spin coating in the quantum dot solar cell. The steps of spin coating of PbS QDs shown 

are: liquid disposing, spin-up, liquid outflow, spin-off, and evaporation and drying[134]. In another 

report, spin-coated CIS QDs were fabricated to be used in photovoltaic (PV) cells. In such report, 

P3HT: PCBM, a  copolymer, was blended with CIS QDs to result in hybrid PV cells with increased 

quantum efficiency[186]. 



 26 

 

Figure 2.12 - Schematic diagram of the spin-coating method[187]. 

 Spray coating  

In the spray coating process, the substrate is coated by a device containing a nozzle that sprays 

liquid base material above the surface of the substrate. The liquid is atomized at the spray front 

head's nozzle, generating a steady stream of spray droplets. The droplets are generated by 

pressurized gas, air, or an ultrasonic system. The parameters affecting the final quality of the thin 

film and the coating efficiency include substrate surface characteristics such as surface tension and 

viscosity, coating velocity, droplet size distribution, distance between spray nozzles (and between 

nozzles and substrate), wetting mechanism and gas flow[188]. Figure 2.13 illustrates a schematic 

representation of the spray coating process at two different times of the spray pass, one at the 

beginning of the spray coating process and one close to the end of the process. Fig. 2.6(vi) shows 

the photodetector device fabrication process, in which the QD layer containing PbS QDS was 

obtained by the spray coating method driven by high-pressure N2 pulses[146].  

 

Figure 2.13 - Schematic diagram of the spray coating process, shown at two different times of a spray 

pass[189]. 
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 Chemical bath deposition 

Chemical bath deposition is a popular technique for coating NPs on top of different substrates. In 

this technique, a reactive solution containing the precursors is prepared. Then the clean substrate 

was vertically immersed in the heated solution. In this deposition method, solid thin films of 

materials are formed from solution via nucleation and particle growth. The nucleus refers to the 

minimal number of ions or molecules required for any precipitate to form a stable phase in contact 

with a solution. After the nucleus formation, the precipitation and combination of particles 

continue to make a thin film. Film growth can occur either by ion-by-ion condensing of the 

components on the surface of the substrates or by deposition of colloidal particles from the solution 

on the substrate, depending on the deposition conditions. Different substrates, such as 

semiconductors, insulators, and metals, can be used in this deposition technique, as the deposition 

method is being processed at low temperatures[190]. The experimental setup of the chemical bath 

deposition technique is shown in Fig. 2.14[191]. Factors that affect thin film formation include 

stirring speed, solution bath temperature, solution concentration, and the PH of the solution[192]. 

It has been demonstrated that PbS and CIS QDs, and NPs, can be deposited on various substrates 

using this coating method [193–196]. 

 

Figure 2.14 - Setup of chemical bath deposition technique[191]. 

 Dip coating 

A Schematic of a dip coating method is shown in Fig. 2.15. The sample is immersed in a 

nanoparticle-containing solution in this coating method in the first step. Then, the sample is left in 

the solution for a sufficient time for NPs to deposit. The solution wets the substrate's two surfaces 
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during immersion. Then after giving the sample a reasonable period of immersion, the sample is 

withdrawn from the solution, and a wet film is achieved. The evaporation process starts after the 

wet film is removed and starts to dry. A couple of factors will affect the dip coating process and 

the film's final quality, such as time spent immersed, liquid viscosity, evaporation duration, and 

speed of substrate removal[197]. Solar cells incorporating QDs have been fabricated by depositing 

PbS and CIS QDs onto substrates with dip coating techniques [198,199]. 

 

Figure 2.15 - d) Schematic illustration of the dip coating process[134]. 

 Drop coating 

The simplest and most straightforward NP deposition technique is drop coating. According to this 

method, as seen in Fig. 2.16(a), a drop of a QDs or NPs solution is dropped directly onto the 

substrate, and the solvent is then allowed to evaporate completely, froming a thin film of QDs or 

NPs. The resulting thin films are affected by several factors, such as solvent evaporation rate, 

solvent viscosity, diffusion of the droplet, etc.[200]. Figure 2.16 shows a drop coating technique 

for depositing PbS QDs on a substrate for use in QDs solar cells (QDSC).[201]. CIS QDs were 

dropped casted on TiO2 substrate resulting in highly efficient solar cells[65]. 

 

Figure 2.16 - a) Schematic of the drop coating process. b) J–V curves of the PbS QDSC fabricated by 

single-layer drop coating, leading to a PCE of 2.1%. Insets are a cross-sectional TEM image of the 

device structure and a photograph of a drop-coated QDSC[134,201]. 
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 Blade coating 

Blade coating or doctor blade coating technique, also known as knife coating, produces thin films 

with precise thicknesses. This coating technique is closely connected to industrial processes such 

as roll-to-roll printing. It has been employed in the large-scale production of thin films and in 

different applications such as printing procedures, textiles, and ceramic industries[202–204]. Blade 

coating involves spreading the solution over the surface of a substrate using a blade and making a 

homogeneous thin film. The blade-to-substrate distance, blade velocity, angle between the blade 

and substrate, surface wettability, and solution characteristics such as solution viscosity, solution 

concentration, and evaporation rate of the solution can control the thickness and quality of the final 

achieved thin film[205,206]. 

Another important factor is surface wettability. The surface wettability of a substrate can be 

improved by using cleaning processes such as UV-ozone and plasma before the coating process. 

By using these cleaning procedures,  a significant portion of the contaminants on top of the surfaces 

of the substrates will be removed, resulting in increased surface wettability[207,208].  

Another way to change the wettability of the surface is silanization, which is the process of using 

a silane solution to functionalize and improve the wettability of the silicon substrate. Surface 

modification through silanization is focused on producing a silyl ether; hence, the free hydroxy 

groups can be recovered by cleaving this silicon–oxygen link to alter the surface chemistry and 

wettability[209]. The silanazation process or the mentioned cleaning processes can be performed 

on the substrate surface, to improve the surface's wettability before the blade coating process 

begins. 

In blade coating, unlike spin coating, the low boiling point solvent is not needed in blade coating, 

the area may be expanded with relative ease, and nearly all of the material is utilized with no 

considerable waste[210]. Additionally, this deposition technique can be used for single or 

multilayer coatings, and single and multiple layers can be deposited without a buffer solution[211]. 

Moreover, the blade-coating technique, hugely noteworthy in industrial manufacturing, can deliver 

faster processing than other fluid processing methods like spray coating and inkjet 

printing[208,212]. 
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Blade-coating is a straightforward, cost-effective, and roll-to-roll compatible method for 

fabricating layers necessary for optoelectronic devices. With the blade coating technique, different 

types of solar cells, such as perovskite solar cells and various light-emitting diodes (LEDs), 

including organic light-emitting diodes (OLEDs), can be manufactured[213–215]. The schematic 

of a fully printable perovskite solar cell structure and the blade coating equipment used for printing 

the solar cell is shown in Fig. 2.17. In this solar cell, all layers, except the Ag top electrodes, were 

prepared using blade-coating method [213]. 

 

Figure 2.17 - a) Schematic illustration of a fully printable perovskite solar cell. b) Blade-coating 

equipment with as-prepared 10 cm × 10 cm perovskite film[213]. 

Blade coating has also been used for depositing the PbS passive ink on a substrate to be used in 

QD solar cells. Figure 2.18 shows the blade-coating process of PbS ink and pictures of its blade-

coated films. As can be seen in the Figure, good-quality PbS thin films were achieved at 

comparatively low temperatures. The PbS ink was prepared before the blade coating process by 

the hot injection method[38]. 



 31 

 

Figure 2.18 - Blade-coated films of PbS-MAPbI3 (capping ligand) inks from DFP. (a) Scheme of the 

blade-coating process. (b) Photograph of the blade-coated films from PbS-MAPbI3 inks on 3 × 3cm2 

substrates[38]. 

Ink of PbS colloidal QDs was deposited on silicon substrates to make transistors. In this case, the 

hot injection method was used to prepare the PbS colloidal ink before the blade coating step[216]. 

Moreover, ball-milled synthesized CIS QDs have been blade-coated on TiO2 substrates to be used 

in solar cells. The cell efficiency achieved from the mentioned solar cell device was 2.01% [217]. 

Altaf et al. also have blade-coated CIS ink, prepared with hot injection method, on a Fluorine-

doped Tin Oxide (FTO) substrate to be used as photoanodes in photoelectrochemical water-

splitting devices. In the mentioned report, different crystal structures of CIS were synthesized, and 

chalcopyrite CIS thin film showed the best photoelectrochemical performance compared to other 

CIS crystal structures[70]. 

 Printing approach to the in-situ synthesis of nanoparticles and quantum dots  

Traditionally, thin films of QDs were achieved using a colloidal solution containing presynthesized 

QDs (e.g., PbS and CIS QDs)[55,150]. However, one cannot self-assemble QDs or NPs on demand 

and at selected locations over a given surface or inside nanopores using such approach.  

To mitigate this, there are some synthesizing techniques called in-situ reactive methods, in which 

synthesizing and depositing NPs and QDs on substrates happen simultaneously. An example of 

in-situ reactive deposition is the reactive inkjet printing of gold NPs by Jabbour’s group[118]. 

Based on their work, in the in-situ reactive inkjet printing process of gold NPs, two inks were used: 

the gold precursor ink and the reducer ink. In the mentioned process, NPs production, thin film 

formation, and patterning all occur at predetermined locations throughout the surface of the 

substrate in response to application demand. An added advantage of this approach is the reduction 

of waste products, energy use, and fabrication[141].  
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A schematic of the whole in-situ reactive inkjet printing technique used for acquiring gold NPs is 

shown in Fig. 2.19. According to the Figure, gold NPs were produced by injecting cartridge A 

with a solvent combination including a capping/reducing agent and a dispersion solvent which 

contained 1 mL OLA in 10 mL 1,2-dichlorobenzene. Also, cartridge B was injected with gold (III) 

chloride trihydrate (HAuCl4.3H2O) in 10 mL dimethyl sulfoxide as gold precursor ink. Cartridge 

A prints the ink on a clean silicon substrate to begin the synthesis, followed by cartridge B, printing 

on top of the former droplets using the same printing conditions at ambient temperature. The 

printed substrate is then heated in an oven at 120 °C for three hours, creating Au NPs on the surface 

of the substrate[118]. 

 

Figure 2.19 - A schematic description of the in situ synthesis of self-assembled Au NPs through 

reactive inkjet printing[118]. 

Although inkjet printing has clear benefits, it has some limitations, such as expensive cartridges 

with a high potential to clog over time, which can increase the price of final products. Moreover, 

inkjet is rather a slow process compared to blade coating in the fabrication of thin films!  Jabbour’s 

group extended the reactive in-situ self-assembly approach of NPs to blade coating. In this case, 

silver NPs have been synthesized and deposited simultaneously on a glass substrate, fabric, and 

surgical mask with an in-situ reactive blade coating method. The resulting structures were used 

successfully for disinfection against SARS-CoV-2 [82]. Compared to in-situ reactive inkjet 

printing, in situ reactive blade coating method is a quicker and more economically viable reactive 

printing process that can meet the demands of low-cost and widespread NPs and QDs use[82].  

Figure 2.20 shows the in-situ reactive blade coating process of silver NPs on top of a surgical 

mask. In-situ reactive blade coating is useful for impregnating porous and fibrous surfaces with 
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Ag NPs, since the starting inks are molecular and have a greater potential to penetrate sub-

nanometer voids than pre-prepared NPs. To immunize commercial fabrics and face masks against 

SARS-CoV-2, the reducer ink (Fig. 2.20(A)) was blade-coated on a single-use face mask, and then 

silver precursor ink was coated on top of the reducer ink (Fig. 2.20(B)). The substrates were then 

placed in an oven and heated at 120 °C for two hours, and silver NPs were formed on the surface 

of the mask[82]. 

 

Figure 2.20 - In situ fabrication process of a Ag nanoparticle-impregnated face mask. (A) Coating of 

the oleylamine-based reducer ink followed by (B) adding the silver precursor ink on top of the 

previously coated reducer ink. The surface texture of the face mask before (C) and after (D) in situ 

fabrication of Ag NPs via in-situ reactive blade coating[82]. 
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 Abstract 

Most techniques for synthesizing and depositing PbS QDs can be considered high-cost and 

unsuitable for future large-scale fabrication. In this chapter, in-situ reactive synthesis of PbS 

QDs/NPs via blade coating will be presented. The impact of various heating methods, such as 

oven, hotplate, and rapid thermal annealing (RTA), on the formation of QDs/NPs of PbS will be 

presented for the first time. In this regard, different sizes and shapes of PbS QDs/NPs have been 

realized by changing some experimental parameters, such as heating time and temperature. The 

PbS QDs/NPs were characterized with XRD, SEM, EDS, UV-vis and photoluminescence tests to 

to understand their properties better. The facile reactive blade coating synthesizing method for 

synthesizing PbS QDs/NPs can be easily scaled up to large-scale synthesis, such as roll-to-roll 

(R2R) manufacturing techniques for various optoelectronic applications, thus reducing cost and 

time to market. 

 

KEYWORDS: PbS QDs, blade coating, in-situ reactive synthesis, roll-to-roll manufacturing 

technique, photodetectors. 
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 Introduction  

Quantum dots (QDs) have attracted great attention for the last two decades owing to their 

outstanding optical properties attributed to the quantum size effect observed, which allows for 

tuning the band gap of nanocrystals[1,2]. This tunable bandgap can result in getting desired 

features such as different colour emissions under excitation. QDs can be synthesized using a 

variety of techniques, including chemical, physical, and biological approaches[3–5]. Chemical 

synthesizing techniques are the most well-studied and adaptive ones[6]. QDs have been made with 

several chemical synthesizing methods, such as hydrothermal routes[7,8], sol-gel method[9], hot 

injection method[10], solvothermal methods[11], and microwave synthesis[12]. The desirable 

qualities of QDs have led to their widespread use in QD light-emitting diodes[13], colour 

conversion layers in OLED displays[14], solar cells[15], and photodetectors[16]. 

Since printed electronic devices are easy to manufacture and can be flexible, they have attracted a 

lot of attention in recent years. Compared to traditional production processes like sputtering[17] 

and chemical bath deposition[18], which require complex manufacturing processes and relatively 

expensive equipment, printing technologies can offer competitive advantages in terms of product 

performance and fabrication cost. Inkjet printing[13,14], microcontact printing[19], 

electrohydrodynamic nanoprinting[20], and roll-to-roll (R2R) printing[21] are just a few of the 

several printing processes available.  Some of these printing techniques were used for depositing 

thin films of binary QDs for various electrical and optical applications. Kurley et al. synthesized 

CdTe QDs by hot injection to be used in R2R-printed solar cells[21]. Arango et al.[22] printed 

CdSe QDs as a photosensitive layer by microcontact stamping method for photovoltaic devices. 

In another work, ZnO QDs, PbS QDs, and FeS2 nanocrystals were fabricated by inkjet printing 

and utilized in photodetectors[23]. Also, In another study, inkjet-printed PbS QDs were used in an 

IR QD photodetector[24]. The printing methods used in the mentioned printed binary QD layers 

were ex-situ, which means the inks containing the QDs were prepared prior to the printing process. 

These conventional methods for synthesizing and printing QDs in separate steps are costly and 

environmentally unfriendly due to the high amount of materials waste and the need for multiple 

processes to synthesize the QDs and deposit them into thin films for a given application. 
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Meanwhile, some promising methods exist for directly fabricating thin films by in-situ printing or 

coating from commercially available precursor sources. These methods can be called in-situ 

reactive methods. In these methods, synthesizing and printing the QDs are simultaneously 

performed, which leads to simple, cheap, fast, and easy-to-control processes. Also, the in-situ 

reactive methods involve low chemical waste and are more suitable for large-scale 

fabrications[25]. In-situ reactive inkjet printing was used by Jabbour's group for the first time to 

synthesize Au NPs[25]. This method can facilitate the use of Au NPs for complex optoelectronic 

applications. Although inkjet printing is a fascinating manufacturing technique to synthesize 

nanoparticles, it can be expensive due to the high cost of cartridges, which may clog over time. In 

another work, Jabbour et al. used an in-situ reactive blade coating method for synthesizing silver 

NPs on a glass substrate, textile, and a surgical mask to be used against SARS-CoV-2 with high 

disinfection[26]. In-situ reactive blade coating method is a faster and more economically feasible 

technique than in-situ reactive inkjet printing. To our knowledge, in-situ reactive preparation of 

binary QDs/NPs has not been reported.  

Here, we synthesized PbS QDs/NPs with an in-situ reactive blade coating method for the first time. 

Among binary QDs, lead chalcogenides have received considerable attention for UV-vis-near IR 

optical applications. Researchers have studied numerous optoelectronic applications using PbS 

and PbSe, including solar cells[30,31], photodetectors[32,33], and light-emitting diodes 

(LEDs)[34]. PbS is a direct bandgap semiconductor with a 0.41 eV bandgap and 3200 nm 

absorption edge at room temperature[35]. It is an exciting material for the study of quantum effects 

and has a large 18 nm exciton Bohr radius and properties such as multiple carrier generation[36]. 

A variety of methods have been used to synthesize PbS QDs/NPs with different shapes, such as 

chemical bath deposition[18], hot injection[37], controlled precipitation with an ultrasonic 

bath[38], in situ halide passivation[39], electrochemical deposition[40], and bacterial 

biosynthesis[41]. However, in-situ reactive synthesis of binary PbS QDs/NPs directly on 

substrates yet to be reported. We used the in-situ reactive method for synthesizing PbS QDs/NPs, 

using various methods for heating them, such as heating samples on a hotplate, in a vacuum oven, 

and with rapid thermal annealing (RTA). Each heating method had specific features that this study 

will discuss thoroughly. Also, different parameters, such as different heating temperatures and 

heating durations, have been investigated in the synthesis and heating of these QDs/NPs. The best 

heating method and parameters were chosen to be utilized in optical devices. The in-situ reactive 
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blade coating method used here for the preparation of PbS QDs/NPs can be used on large 

manufacturing scales leading to lower total fabrication costs. 

 Experimental 

 Materials 

Lead acetate trihydrate (Pb(CH3COO)2.3H2O), oleylamine (OLA) (C18H35NH2), sulfur (100%), 

oleic acid (OA) (90 %), and 1-octadecene (ODE) (90 %) were used for making the solutions for 

the blade coating process without further treatment. Isopropyl alcohol (IPA) was used for washing 

silicon substrates, and acetone (C3H6O) and toluene (TOL) were used for diluting the solution 

containing the QDs/NPs during the photoluminance (PL) test. Silicon substrates (1  1 inch) were 

utilized as working substrates. Carbon steel sterile blades were used for the blade coating process. 

 PbS QDs synthesis 

 Precursor preparation 

Two solutions (inks) were prepared prior to the blade coating process. For the first solution (the 

Pb ink), lead acetate trihydrate (189 mg) was dissolved in the mixture of 0.39 ml OA and 3.8 ml 

ODE, then heating up to 180 °C for 30 min under continuous stirring. Similarly, for the second 

solution (the S ink), sulfur (51 mg) was dissolved in 6.5 ml OLA followed by heating the solution 

at 180 °C for 30 min under stirring. These two inks (Pb ink and S ink) were the initial precursor 

inks for the blade coating process. 

 Substrate preparation 

Silicon substrates (1 × 1 inch2) were used for the blade coating process. First, the substrates were 

washed with soap and rinsed with DI water, followed by 10 min sonication in DI water and IPA, 

then dried using an air gun, respectively. The surface treatment was performed by UV-Ozone for 

10 min before the blade coating process. 

 Blade coating process 

A Schematic of PbS QD/NP synthesis is shown in Fig. 3.1. Figures 3.1(a) and 3.1(b) show the 

preparation of Pb and S inks, respectively. First, two droplets (about 0.05 ml) of the as-prepared 

Pb ink were blade coated on top of the silicon substrate by a surgical razor blade (Fig. 3.1(c)). 
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Then, two droplets of the as-prepared S ink were blade coated on top of the first layer (Pb ink), 

shown in Fig. 3.1(d). The angle between the blade and the silicon substrate was kept at 50° during 

the blade coating process. In the final step (Fig. 3.1(e)), the substrates were heated with three 

different methods to yield films with dark brown colour. The heating methods used were: 1) 

vacuum oven, 2) hotplate in a glovebox, and 3) RTA (Fig 3.1.e). Parameters such as time, 

temperature, and concentration were investigated for their impact on the synthesis results.  

 

Figure 3.1 - Schematic of in situ reactive blade coating process of self-assembled PbS QDs/NPs. a) 

preparation of Pb ink. b) preparation of S ink. c) blade coating the Pb ink. d) blade coating the S ink 

on top of the first ink (Pb ink). e) formation of PbS QDs/NPs after the heating treatment with 1) 

vacuum oven, 2) hotplate, and 3) RTA heating methods. A representative SEM images for each 

heating method is also shown (far right). 

For comparison, spin coating was also tried for fabricating PbS QDs/NPs thin films. Similar to 

blade coating, a layer of Pb ink was first deposited on a clean silicon substrate. After spin coating 

of Pb ink using a rate of 1000 rpm, a layer of S ink was deposited and on top using the same spin 

rate. Shortly after the second cycle of spin coating, the substrates were heated using the 

aforementioned three methods.  
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 Heating methods 

 Vacuum oven 

Vacuum oven is the first heating method used to heat the coated substrates. In this method, blade 

coating was carried out in a room environment; the sample was placed in the oven immediately 

after blade coating. In the following step, the oven was purged with nitrogen for five minutes, and 

then a vacuum was applied. This process was repeated several times to ensure the oven atmosphere 

contained no oxygen. Finally, after putting the oven under a complete vacuum with pressure 

around 0.1 Pa to 1×10−6 Pa, the oven was turned on and set to the desired temperature. Parameters 

such as time & temperature were investigated.  

 Hotplate in glovebox 

The second heating method is using a hotplate in an inert glovebox. In this method, all the needed 

materials were first placed in the glovebox, which was purged with nitrogen. After purging the 

glovebox for 30 minutes, the blade coating procedure was performed. Then right after blade 

coating, the substrate was placed on the hotplate set at the desired temperature. Various parameters, 

including time and temperature, were investigated here as well.  

 Rapid thermal annealing (RTA) 

The third heating method is RTA. Here the samples were blade coated in normal operating 

laboratory environment, then placed in the RTA. For optimization of process conditions, the RTA 

had four main steps for heating and cooling down to room temperature. The first step was purging. 

The chamber of the RTA was purged with nitrogen for a specific time before the heating process 

started. As shown in Table 3.1, the chamber of RTA was purged with nitrogen for 30 min before 

the heating process started to minimize the presence of oxygen in the RTA chamber environment. 

All the other steps were completed under nitrogen environment. The second step was the ramp up 

step. In this step, the temperature was increased to desired values. The third step was the holding 

(soaking) step, where the substrate was maintained at that temperature for the specified time. Table 

3.1 lists the holding temperature values and times. The fourth step was the cooling step. In this 

step, the chamber was cooled from the desired temperature to room temperature. After the cooling 

step, the sample was taken out from the RTA. In all samples heated with vacuum oven, hotplate 
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in glovebox, and RTA, 1 ml of S ink was diluted with 3 ml OLA before blade coating. Table 3.1 

shows the experimental parameters investigated for each heating method. 

Table 3.1- Different heating method experimental parameters and estimation of the corresponding 

average size of PbS QDs/NPs as obtained via SEM and calculations based on XRD results. 

Heating 

method 

Sample Temperature Time Average size 

from SEM (nm) 

Calculated 

size from 

XRD (nm) 

Vacuum 

oven 

S1 200 °C 3 h Incomplete 

Drying (ID) 

16.2 

S2 250 °C 1 h ID 10.1 

S3 250 °C 2 h 12.8 13 

S4 250 °C 3 h 24 20 

Hotplate 

in 

glovebox 

S1 200 °C 2 h ID 9.8 

S2 250 °C 1 h 6.8 8.8 

S3 250 °C 2 h 8.5 13.5 

S4 250 °C 3 h 9.2 15 

S5 300 °C 1 h 8.4 10 

RTA  S1 250 °C 10 min 15.8 18 

S2 300 °C 10 min 32 30 

S3 350 °C 3 min 24 27 

S4 350 °C 10 min 82 55 

 Characterization 

Various characterization techniques were used to investigate the PbS QDs/NPs. In this regard, 

absorption measurements were carried out with UV-vis Cary 7000 Spectrophotometer using the 

280-800 nm wavelength range. Photoluminescence (PL) measurements were performed with a 

Horiba fluorescence spectrometer in the UV-vis range (400-700 nm). Crystalline phase 

investigations of the samples were carried out using X-ray diffraction (XRD) analysis-Rigaku 

Ultima IV Diffractometer with Cu target (k = 1.54). The range of angle 2θ was between 20-65° 

using a Cu-sealed tube, and the scan speed was adjusted to 0.5°/min at a 40 kV voltage. The surface 

morphology, structure, and size distribution of the QDs/NPs were characterized by a Scanning 
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Electron Microscope (SEM) system (Zeiss Gemini 500 device). Energy-dispersive X-ray 

spectroscopy (EDS) analysis was carried, in the SEM chamber, for elemental analysis of the NPs 

and QDs.  

 Results and Discussion 

The full method for blade coating PbS QDs/NPs was described in the experimental section and 

illustrated in Fig. 3.1. Briefly, two layers of Pb ink and S ink were blade coated on top of each 

other to make the PbS thin film. First, The Pb ink was blade coated on the silicon substrate (Fig. 

3.1(c)), and then the S ink was blade coated on top (Fig. 3.1(d)). The reason we first blade coated 

Pb ink (containing OA and ODE) and then S ink (containing OLA) on top of it on the silicon 

substrate, is better  wetting and lower contact angle between the Pb ink and silicon substrate, 

compared to doing the reverse steps (first blade coat S ink on silicon substrate) (Fig. 3.2). The 

photos of contact angle measurement tests of S ink and Pb ink on top of glass and silicon substrates 

are shown in Fig. 3.2, which confirms our statement above for both glass and silicon substrates. 

Then, the sample was heated to make the PbS QDs/NPs (Fig. 3.1(e)). Three different heating 

methods were used for heating the blade-coated substrate: 1) Vacuum oven, 2) Hotplate in the 

glovebox, and 3) RTA, which are shown in Fig. 3.1(e). The SEM images of the representative 

samples achieved from each heating method are shown in Figure 3.1. 

 

Figure 3.2- Contact angle of two precursor inks on top of the glass and silicon substrates. a) Pb ink 

on a glass substrate with a contact angle of < 2 °, b) Pb ink on a silicon substrate with a contact angle 

of < 2 °, c) S ink on a glass substrate with a contact angle of (12± 2) °, and d) S ink on silicon substrate 

with a contact angle of (9± 2) °. 
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 X-ray diffraction analysis 

The XRD data of the synthesized PbS QDs/NPs with various drying methods are shown in Fig. 

3.3 and Fig. A1, which agreed with the standard JCPDS PbS data (card No. 05-0592), confirming 

the purity and cubic structure of synthesized PbS nanocrystals. Moreover, the calculated mean 

value of the lattice constant (5.921 Å) is in good agreement with the reported value (a = 5.936 Å). 

The following relationship was used for calculating the lattice constant 'a' for PbS cubic structure 

nanocrystals (Eq. (1)). Where in this formula, 'd' is d-spacing (interplanar pacing), and 'h k l' are 

miller indices. 

 𝑎 = 𝑑√(ℎ2 + 𝑘2 + 𝑙2) 

The average size of QDs/NPs synthesized with various methods was estimated with Debye- 

Sherrer equation (Eq. (2)). In this formula, D is the size of QD/NP, k is the shape factor that 

normally is considered as 0.94, 𝜆 is the XRD wavelength (for Cu target 𝜆 = 1.54 Å), 𝛽 is the full 

width at half maximum (FWHM) which shows line broadening in radians, and 𝜃 is the Bragg 

angle. 

𝐷 =
𝑘𝜆

𝛽 cos 𝜃
         (2) 

The average sizes of QDs/NPs estimated with eq. (2) for different investigated parameters are 

given in Table 3.1. As shown in Table 3.1, for samples heated at 200 °C for 3 h, 250 °C for 1 h, 2 

h, and 3 h in vacuum oven, the predicted size of QDs/NPs based on the FWHM of XRD peaks is 

approximately 16.2 nm, 10.1 nm, 13 nm, and 20 nm, respectively. For the case of the hotplate in 

glovebox, QDs heated at 200 °C for 2 h, 250 °C for 1 h, 2 h, 3 h, and 300 °C for 1 h had an 

estimated diameter of 9.8 nm, 8.8 nm, 13.5 nm, 15 nm, and 10 nm, respectively. The average size 

of QDs/NPs in samples heated using RTA at 250 °C for 10 min, 300 °C for 10 min, and 350 °C 

for 3 min and 10 min was 18 nm, 30 nm, 27 nm, and 55 nm, respectively. For all QDs/NPs samples, 

the particles grew larger as the heating time and temperature increased. 

Figure 3.3 shows the XRD pattern of PbS QDs/NPs synthesized under different heating methods. 

In Fig. 3.3(a), various temperatures and times were investigated for a hotplate in inert glovebox 

environment. The intensity of almost all of the PbS peaks becomes stronger, indicating an increase 

in the crystallinity of QDs/NPs with rising temperature (from 200 °C to 250 °C and 300 °C) for a 

(1) 
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similar heating duration. In addition, as shown in Fig. 3.3(a), extending the heating period from 1 

h to 3 h at 250 °C increases the intensity of the peaks, which also results in higher crystallinity. 

PbS QDs/NPs heated in a vacuum oven for various times and temperatures are shown in Fig. 

3.3(b). As indicated in Fig. 3.3(b), increasing the temperature of the vacuum oven from 200 °C to 

250 °C for 3 h heating time causes the intensity of the peak of (200) to increase, same for samples 

heated using the hotplate in a glovebox. Similarly, as shown in Fig. 3.3(b), increasing the heating 

period from 1 h to 3 h at 250° C in the vacuum oven, an increase in the intensity of (200) XRD is 

observed. Figure 3.3(c) shows XRD patterns of PbS QDs/NPs heated with the RTA. The sharpness 

of most of the peaks increases as the RTA temperature rises from 250 °C to 300 °C and 350 °C, 

indicating an increase in the degree of crystallinity of the QDs/NPs. This behavior was seen in all 

of the investigated heating methods and is in accord with other reports on NPs, including 

nanostructured magnetically tunable ceramics and nanostructured calcium phosphate[42–45]. One 

possible reason for this phenomenon can be the recovery of internal strain[46]. The crystallinity 

of samples heated in a vacuum oven and RTA is higher (XRD peaks are sharper) than the 

crystallinity of samples heated with a hotplate in a glovebox. The reason can be the more 

homogenous and efficient heating provided by the RTA compared with the standard chemical 

laboratory hot plate[47]. 
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Figure 3.3 - XRD patterns of PbS QDs/NPs synthesized using an in situ reactive blade coating method 

and a) dried on a hotplate in glovebox heating, b) in vacuum oven heating, and c) in the RTA at 

different temperatures and times. 

Figure A1 shows XRD peaks of PbS QDs heated on a hotplate at 250 °C for 3 h with different S 

ink concentrations. The S ink was diluted from top to bottom with 5 ml, 4 ml, and 3 ml OLA before 

blade coating, respectively. The SEM figures taken from these samples will be shown and 

discussed in the SEM part and Fig. A2.  

Also, Fig. 3.4 shows the XRD of the PbS sample heated in the RTA at 300° C for 10 min under an 

oxygen environment. All previous samples heated using the RTA were kept under a nitrogen 

environment to avoid oxidation. Figure 3.4(a) shows the XRD peaks of the sample heated in 

oxygen, where most of the XRD peaks are related to PbSO4 instead of PbS. Figure 3.4(b) shows 

samples heated at 300oC in nitrogen and oxygen for 10 min. It can be seen that the (200) peak of 

PbS is very weak in the sample under oxygen compared with the sample under nitrogen. In this 

case, most of the peaks are related to PbSO4. The SEM and EDS tests taken from the sample treated 

in oxygen can be seen in Fig. A3, which will be discussed in the SEM part. 
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Figure 3.4 - XRD patterns of PbS QDs/NPs synthesized using in-situ reactive blade coating method 

dried with RTA at 300 °C for 10 min in a) oxygen environment and b) nitrogen environment. 

 Scanning Electron Microscope  

Figures 3.5 to 3.8 show SEM images of the as-synthesized PbS samples, which were prepared 

using various heating methods. From Table 3.1, in all samples, the average size of QDs/NPs 

estimated from SEM figures is in agreement with the estimation of size of QDs/NPs using the 

FWHM of XRD peaks of the samples. Figure 3.5 shows different magnifications of SEM images 

for PbS QDs/NPs heated in the RTA under different conditions. Figures 3.5(a-b) and (d-e) show 

SEM images taken for PbS QDs/NPs heated in the RTA at 250 °C for 10 min. In this case, an 

average size of (15.8±2) nm (Fig. 3.5(c)) was seen. Whereas, at 300 °C and 10 min heat treatment 

time, the average particle size is (32±3.5) nm (Fig. 3.5(f)). A shape transition is seen from spherical 

to cubic when increasing the heating temperature. The possible reasons for this shape change, and 

a series of controlled experiments to investigate the conditions that give rise to this observation, 

will be explained in the next paragraph. SEM images of PbS NPs heated in an RTA at 350 °C for 

3 min, and 10 min are also presented in Figs. 3.5(g-h) and (k-m), respectively. The average size of 

the obtained NPs is about (24±4) nm (Fig. 3.5(i)) for 3 min and (82±50) nm (Fig. 3.5(n)) for 10 

min heating duration, respectively. As shown in Fig. 3.5, the QDs/NPs grow in size as the 

temperature rises and as the heating duration increases. At temperatures below 250 °C, the samples 

were not well-dried, so they weren't tested with RTA. As anticipated, the NPs grow much larger 

at temperatures higher than 350 °C, and thus, no investigation was performed.  
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Figure 3.5 - SEM images of PbS QDs/NPs synthesized with the blade coating method and dried in 

the RTA at various magnifications. SEM and histogram showing size distributions of PbS QDs/NPS 

heated at (a-c) 250 °C for 10 min, (d-f) 300 °C for 10 min, (g-i) 350 °C for 3 min, and (k-n) 350 °C 

for 10 min. 

Different shapes, such as cubic and spherical shapes of QDs/NPs, are seen in samples heated in 

the RTA at various temperatures and durations of heating. A series of controlled experiments to 

investigate the conditions of shape change of as-fabricated PbS QDs/NPs was performed. In Figure 

3.6, different samples heated at 350 °C for 3, 4, 5, 8, and 10 min are shown, respectively. It is 

evident from the figures that in a sample that was heated at 350 °C for 3 min (Fig. 3.6 (a-c)) and 4 

min (Fig. 3.6(e-g)), most of the QDs/NPs have cubic shapes. When the duration of heating is 

increased to 5 min (Fig. 3.6(j-m)), 8 min (Fig. 3.6(o-q)), and 10 min (Fig. 3.6(s-u)), the shape of 

the QDs/NPs become more spherical as time passes. The size of NPs heated at 350 °C for 3 min 
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(Fig. 3.6(d)), 4 min (Fig. 3.6(h)), 5 min (Fig. A6.(n)), 8 min (Fig. A6.(r)), and 10 min (Fig. A6.(v)) 

were about (24±4) nm, (34±15) nm, (41±19) nm, (65±32) nm, and (96±60) nm, respectively. A 

longer heating duration leads to larger NPs and a wider range of sizes for NPs. 

In RTA, the heating process and cooling down cycles are much faster and better controlled 

compared to the hotplate or vacuum oven. Very intense heating in this process can result in 

structural changes in the QDs/NPs. This can be similar to nuclear rearrangements in NPs due to 

melting and fragmentation by heating with intense laser pulses, which was reported by Zhou et 

al.[48], who achieved spherical and nanorod gold NPs by changing the intensity of the exposed 

laser. Also, in another report, Al-Nassar et al.[49] discussed the effect of laser pulse energy on 

ZnO NPs formation. They mentioned that the interaction of the different laser pulses with the zinc 

could change the shapes, distribution, and sizes of ZnO NPs. In addition, longer heating times can 

allow for optimization of surface energy of the particles leading to the formation of spherical 

shapes of PbS QDs/NPs [50,51].  
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Figure 3.6 - Different magnification SEM images of PbS NPs synthesized with the blade coating 

method and dried in an RTA at 350 °C for different durations. SEM and histogram of the size 

distribution of PbS NPs heated in RTA (a-d) at 350 °C for 3 min, (e-h) 4 min, (j-n) 5 min, (o-r) 8 min, 

and (s-v) 10 min. 

Figure 3.7 shows the SEM images of PbS QDs heated on a hotplate in a glovebox at 250 °C for 1 

h (Fig. 3.7(a-b)), 250 °C for 2 h (Fig. 3.7(d-e)), 250 °C for 3 h (Fig. 3.7(g-h)), and 300 °C for 1 h 

(Fig. 3.7(k-m)), respectively. The estimated size of QDs was (6.8±0.8) nm (Fig. 3.7(c)), (8.5±1.4) 

nm (Fig. 3.7(f)), (9.2±1.2) nm (Fig. 3.7(i)), and (8.4±1.3) nm (Fig. 3.7(n)), respectively. It can be 

seen that with increasing heating and temperature duration, the QDs' sizes become larger. The 

temperature range studied in this heating method ranged from higher than 200 °C to lower than 

300 °C. Because the films do not fully dry at temperatures lower than 250 °C (for instance, 2 hours 

heating at 200 °C), only the SEM of the best samples are shown in the Figure. 
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Figure 3.7 - Different magnification SEM images of PbS QDs synthesized with the blade coating 

method and dried with a hotplate in the glovebox. SEM and histogram of the size distribution of PbS 

QDs heated at (a-c) 250 °C for 1 h, (d-f) 250 °C for 2h, (g-i) 250 °C for 3 h, and (k-n) 300 °C for 1 h. 

Also, Fig. A2 shows SEM images taken for PbS QDs heated on a hotplate in a glovebox for 

different concentrations of S ink (1 ml of S ink diluted with 3 ml, 4 ml, and 5 ml OLA, respectively) 

that were used in the blade coating process. QD sizes were (9.2±1.2) nm for diluting the S ink with 

3 ml OLA, (9.8±1.5) nm for diluting the S ink with 4 ml OLA, and (9.3±1.3) nm for diluting the 

S ink with 5 ml OLA, respectively. It can be observed from the estimation of size and the figures 

that the average sizes of the QDs vary by less than 1 nm as the Sulfur concentration was changed. 

Zhao et al.[52] synthesized PbS QDs with a solventless system and did a PL test on their samples. 

They mentioned in their report that as they decreased the concentration of Sulfur source, a blue 

shift was seen in the PL peaks, which shows the size of QDs was becoming smaller with reducing 

the amount of Sulfur. Nevertheless, in our experiments, the effect of Sulfur concentration on the 
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size of QDs was insignificant, which can be attributable to the fact that a different synthesis 

technique was chosen in our case. Furthermore, since a change in concentration of S ink did not 

lead to any changes in QD size, changing the concentration of S ink parameter was not tried with 

other heating techniques. 

Fig. 3.8 shows SEM images of PbS QDs/NPs heated with a vacuum oven. Figures 3.8(a-b) and (d-

e) are SEM images of samples heated at 250 °C for 2 h and 3 h, respectively. The average size of 

the particles is (12.8±2.1) nm (Fig. 3.8(c)) and (24±3.8) nm (Fig. 3.8(f)), respectively. As the 

duration of heating increased from 2 h to 3 h, the size of QDs/NPs became larger. It is worth noting 

that the PbS sample did not completely dry after 1 hour of heating at 250°C and 3 hours at 200 °C, 

so only the best samples are shown in Fig. 3.8. 

 

Figure 3.8 - Images with various magnifications of PbS QDs/NPs synthesized with the blade coating 

method and dried in a vacuum oven. Using a vacuum oven at 250 °C for 2 h, Fig. (a,b) show SEM, 

and (c) histogram of the size distribution of PbS QDs. Fig. (d,e) show SEM, and (f) a histogram of the 

size distribution of PbS NPs heated for 3 h at 250 °C. 

Figure A3 shows the PbS samples heated in the RTA at 300 °C for 10 min under a nitrogen 

environment (Fig. A3(a-c)) and oxygen environment (Fig. A3(e-g)). The average size of the 

observed particles is (32±3.5) nm (Fig. A3(a) inset) and (9±1.5) nm (Fig. A3(e) inset), respectively. 

Energy-dispersive X-ray spectroscopy (EDS) test results of samples are shown in Fig. A3(d) (for 

sample heated under nitrogen) and Fig. A3(h) (for sample heated under oxygen). As expected, the 

EDS data reveals a large oxygen peak for sample heated under oxygen environment and smaller 
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Pb and S peaks compared to the sample under nitrogen. Also, based on XRD and EDS taken for 

these samples, most of the particles in the sample under oxygen are PbSO4. 

The EDS spectra of PbS QDs/NPs for the above-mentioned heating methods are shown in Fig. 3.9. 

As shown, all samples confirm the presence of Pb and S. The Si peak is due to the silicon substrate. 

An artificial carbon (C) peak is visible as a result of the elevated background counts in SEM-EDS. 

The aperture in the detector is responsible for this artefact [53]. Also, little oxygen peaks can be 

attributed to the contamination on the silicon substrates (possible presence of silicon oxide). This 

was confirmed by the EDS data of a bare silicon wafer (Fig. 3.9(d)). Furthermore, according to 

EDS quantitative measurement, the molar ratio of Pb to S was about 1:1.018, 1:1.017, and 1:1.02 

for samples a-c (Fig. 3.9), respectively. These ratios are almost identical to stoichiometric PbS 1:1. 

 

Figure 3.9 - EDS spectrum of PbS sample heated with a) vacuum oven, b) hotplate in the glovebox, 

c) RTA at 250 °C, and d) EDS spectrum of a bare clean Silicon substrate. (The y axis is cut short to 

make the smaller peaks visible) 

Figures A4, A5, and A6 show the spin-coated PbS samples versus blade-coated samples heated 

with RTA, hotplate, and vacuum oven, respectively. It can be seen from the figures that for all of 

the investigated heating methods, the distribution of the QDs/NPs is more homogeneous in blade 
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coated than the spin coating. This difference may be attributed to the faster drying of spin coated 

films during the substrate's rapid rotation.  

The attractiveness of blade coating lies in the fact that it is more scalable than spin coating because 

it is more readily adjustable for industrial roll-to-roll (R2R) manufacturing[26,54], compared to 

spin coating, which cannot be used in such setting[55–57]. The size of QDs/NPs formed with both 

coating techniques for the same heating method is comparable.  

 UV-vis absorption measurement 

UV-vis measurement of PbS QDs/NPs was investigated in this report. First, the PbS QDs/NPs 

annealed with different heating methods were dissolved in toluene. Then the UV-vis absorption 

test was performed on the PbS solution. The absorption spectra of PbS QDs/NPs dissolved in 

Toluene is shown in Fig. 3.10(a). The estimated absorption band edge was in the range of 380-450 

nm. Some works report the absorption of PbS QDs around 1000-1400 nm[58–60], and there are 

other reports in which they got absorption in the area that we got[61–65]. The reason for seeing 

this blue shift in wavelength compared to bulk PbS and getting absorption peaks in the UV-vis 

region was explained in Li et al.[64] and Borhade et al.[61] works. They mentioned that by 

decreasing the size of PbS particles from bulk to nanometer size, a blue shift is seen from an 

absorption onset of 3200 nm to UV-vis region absorption due to the quantum size effect. Also, in 

Zhao et al.[62] work, they explained that these spectra might not correspond to excitonic 

transitions, but the spectra might be related to transition to higher energy bands. 

 Photoluminance  

Photoluminance (PL) measurement of PbS QDs/NPs was performed in the 400-700 nm range. 

Figure 3.10(b-d) shows PL emission spectra of PbS samples for the various heating methods. All 

samples were excited at a wavelength of 𝜆= 350 nm. In Fig. 3.10(b), the PL emission of four 

different PbS samples heated in a vacuum oven at 200 °C for 3 h, and 250 °C for 1 h, 2 h, and 3 h 

is shown. The images indicate a slight red shift in the PL peaks with increased heating. Also, 

comparing the PL peaks for samples heated at 200 °C for 3 h (PL peak at 416 nm) and samples 

heated at 250 °C for 3 h (PL peak at 423 nm), a red shift is seen. In Fig. 3.10(c), PL emission of 

PbS QDs/NPs heated at three different temperatures (250 °C,300 °C, and 350 °C) for two different 

durations (10 min and 3 min) with RTA are shown. The red shift in the PL emission peak is seen 
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when the temperature is increased from 250 °C (PL peak at 407 nm) to 300 °C (PL peak at 412 

nm) and 350 °C (PL peak at 418 nm) for 10 min of heating. With increasing the temperature to 

350 °C while heating for a shorter period of time (3 min) (PL peak at 410 nm), a slight red shift is 

seen compared to 250 °C (10 min heating). In Fig. 3.10(d), PL emission of PbS QDs heated on a 

hotplate at three different temperatures (200 °C, 250 °C, and 300 °C) for different amounts of 

times (1 h and 2 h and 3 h) is shown. As the temperature was increased from 250 °C at 1 h (PL 

peak at 403 nm) to 300 °C at 1 h (PL peak at 410 nm), a slight red shift was observed. Also, a red 

shift was seen as the temperature was increased from 200 °C (PL peak at 405 nm) to 250 °C (PL 

peak at 412 nm) for 2 h heating, and as the heating period was extended from 1 h (PL peak at 403 

nm) to 2 h (PL peak at 412 nm) and 3 h (PL peak at 418 nm) at 250 °C. For all samples in Fig. 

3.10p(b-d), the redshift in PL peaks is attributed to an increase in the size of QDs/NPs (Table 3.1). 

The PL tests show that the range of emitted light from the PbS QDs/NPs is in the UV-visible 

region. Some literature in this field documents an emission in the Near IR region from PbS 

QDs/NPs[58,63,66,67]. However, there have been several reports on PbS QDs/NPs emitting light 

in the UV-visible range in a PL test under UV light exciation[61,62,68–73]. Bhatt et al. reported 

that their 15 nm PbS QDs showed PL emission at 405 nm (ex = 345 nm) with an absorption edge 

at 382 nm. They stated that the reason for getting PL peaks in this range is due to the quantum 

confinement effect[63]. In another work, Pawar et al. made PbS NPs in the 23-34 nm size range. 

According to their report, the emission bands found in the UV-vis range (405 nm) were related to 

electrons transitioning from the conduction band to holes trapped in states such as interstitial Pb2+ 

sites. Another possibility is that the observed peaks are not related to excitonic transition but are 

related to transitions to higher energy bands[74].  



 70 

 

Figure 3.10 - (a) UV-VIS absorption spectrum of PbS QDs/NPs dissolved in toluene heated with 

oven, hotplate, and RTA at 250 ℃. Photoluminescence spectra of PbS QDs/NPs heated with (b) oven, 

(c) RTA, and (d) hotplate at different temperatures for different time duration. 

 

 Conclusion 

In-situ reactive blade coating procedure was used in this study to demonstrate a one-step synthesis 

and coating of self-assembled PbS QDs/NPs. Different heating methods were used to treat the 

blade-coated PbS QDs/NPs, such as a vacuum oven, a hotplate in a glovebox, and RTA. Various 

heating and synthesizing parameters, such as heating temperature and heating duration, were 

investigated in each heating method. Based on the characteristics and details of each heating 

procedure, PbS particles of various shapes and sizes were produced. Using various heating 

approaches in a reactive blade coating process will allow for specifically manufactured 

QDs/NPs with adjustable shapes and sizes and various physical and chemical properties. Based on 

our results, samples heated with RTA had high crystallinity XRD peaks compared to other heating 
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approaches. Moreover, different shapes of QDs/NPs were obtained when RTA was used, making 

it a preferable approach for heating and drying PbS particles. Blade coating is compatible with 

R2R manufacturing and can be instrumental in large scale manufacturing of nanomaterials. This 

facile approach will help accelerate the development of low-cost production of PbS QDs/NPS and 

other binary QDs. Furthermore, the blade-coated thin films could be utilized in optoelectronic 

devices like solar cells, LEDs, and optical sensors, to mention a few. 
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Figure A 1 - XRD patterns of PbS QDs/NPs synthesized using in-situ reactive blade coating method 

and with different dilutions of S ink, followed by heating on a hotplate in an inert glovebox. 

 

Figure A 2 – a)-c), e)-g), and i)-m) SEM images of different magnifications of PbS QDs synthesized 

with blade coating method and heated with hotplate in glovebox. d), h), and n) histogram of size 
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distribution of PbS QDs heated with hotplate at: a)-c) 250 °C for 3 hours with diluted S ink and 3 ml 

OLA, e)-g)  250 °C for 3 hours with diluted S ink and 4 ml OLA, and i)-m) 250 °C for 3 hours with 

diluted S ink and 5 ml OLA. 

 

 

Figure A 3 – a)-c) SEM images and d) EDS spectrum of PbS QDs heated with RTA at 300 °C for 10 

min under nitrogen environment. e)-g) SEM and h) EDS spectrum of PbS QDs heated with RTA at 

300 °C for 10 min under oxygen environment. Histograms of size distribution of PbS QDs heated with 

RTA at 300 °C for 10 min under nitrogen and oxygen environments are shown in inset of a) and e), 

respectively. 

 

Figure A 4 - Different magnification SEM images of PbS QDs/NPs synthesized with reactive blade 

coating method and spin coating method, heat treated with RTA at 300 °C for 10 min. 
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Figure A 5 - Different magnification SEM images of PbS QDs/NPs synthesized with reactive blade 

coating method and spin coating method and heat treated using a hotplate in an inert environment 

glovebox at 250 °C for 1 hour duration. 

 

 

Figure A 6 - Different magnification SEM images of PbS QDs/NPs synthesized with reactive blade 

coating method and spin coating method, dried with vacuum oven at 250 °C for 2 hours duration. 
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 Abstract 

Ternary I-III−VI2 structures such as CuInS2 (CIS), which are low-cost materials free of toxic heavy 

metals and, consequently, possess little environmental impact, are potential substitutes for 

hazardous binary structures such as PbS in various applications such as biological, optoelectronic, 

and bioelectric applications. Most techniques for the synthesis and deposition of CIS quantum dots 

(QDs) are costly and impractical for large-scale fabrications. Nevertheless, the in-situ reactive 

synthesis and deposition technique has attracted considerable interest due to its versatility and cost-

effectiveness. This report introduces the first systematic in-situ reactive synthesis of CIS 

QDs/nanoparticles (NPs) produced by the rapid thermal annealing (RTA) heating method. CIS 

QDs/NPs of various diameters have been investigated by varying synthesis parameters such as 

heat treatment time and temperature. In addition, efforts have been made to increase the wettability 

of the substrate in an effort to obtain a more uniform coverage of the CIS thin film on a silicon 

substrate. In this regard, 1) oxygen plasma was used to activate the substrate surface, and 2) 

chemical surface modification by incorporating chemical functional groups were performed before 

coating steps. Post coating characterization using XRD, SEM, TEM, EDS, UV-vis, and 

photoluminescence experiments were conducted to comprehend some of the structural, 

morphological and optical properties of the obtained QD/NPs. The results indicate the potential of 
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reactive blade coating as a facile and scalable fabrication method in the self-assembly of relatively 

uniform CIS QDs/NPs for use in various optoelectronic applications. 

 

KEYWORDS: CIS QDs, in-situ reactive synthesis, R2R manufacturing technique, self-assembly. 

 Introduction  

Quantum dots (QDs) containing no toxic heavy metals, such as Pb and Cd, are becoming 

increasingly popular because of their broader range of applications, including biomedical, 

optoelectronic, and electrochemical applications. QDs can be based on Si, carbon, I–III–VI 

structures, and others. Different synthesis techniques, such as microwave/ultrasonic synthesis, 

hydrothermal approaches, electrochemical synthesis, vacuum and chemical vapor deposition, and 

laser ablation, have generated nontoxic (less toxic) QDs[1–3]. 

Ternary Group I-III-VI semiconductor QDs, such as CuInS2 and CuInSe2, are promising 

alternatives to II-VI binary hazardous QDs, such as PbS and CdS, in applications relevant to 

optoelectronics, catalysis, and bioengineering. As mentioned before, Cd and Pb toxicity have 

generated concerns over the environmental impact of the II-VI binary materials. In contrast, 

structures such as CuInS2 are made of more ecologically friendly components and have 

demonstrated equivalent or even superior performance in a variety of applications compared to II-

VI binary nanocrystals[4,5]. 

CuInS2 (CIS) QDs and NPs with chemical elements from groups I-III-VI are ternary solids that 

are inexpensive and nontoxic and have been the subject of numerous studies. Many optoelectronic 

and biomedical applications, including solar cells, photodetectors, light-emitting diodes, and 

bioimaging utilizing CIS QDs, have been investigated by researchers [6–8]. CIS has a direct 

bandgap of 1.5 eV[9]. This bandgap energy has a wavelength of approximately 820 nm, which 

falls between the visible and near-infrared regions of the electromagnetic spectrum. CIS has three 

main structures: i) chalcopyrite, ii) wurtzite, and iii) zinc blend. Each structure has specific crystal 

structure and features[10,11]. For instance, chalcopyrite CIS crystal structure is tetragonal, and has 

an off-stochiometry tolerance to a wide variety of anions and cations. As a result, the chalcopyrite 

structure has a high degree of structural flexibility, which permits the insertion of a broad range of 
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elemental substitutions, producing a family of quaternary and quinary compounds with adjustable 

optoelectronic characteristics[12]. Moreover, the wurtzite CIS structure has a hexagonal close-

packed (HCP) crystal structure. An important property of the wurtzite structure is its anisotropy, 

which implies that its physical attributes can vary depending on the direction in which they are 

measured. In addition, the structure of wurtzite exhibits piezoelectric and pyroelectric properties, 

making it highly suited for various electrical and optoelectronic devices[13,14]. Several 

approaches, including the hot injection, solvothermal, microwave irradiation, hydrothermal 

synthesis, and thermolysis, have been employed to manufacture CIS QDs/NPs with various 

shapes[15–18]. 

Due to their mass production and adaptability, printed electronic devices have recently attracted 

much attention[19]. They can provide competitive benefits regarding functionality and 

manufacturing expenses compared to conventional production techniques such as chemical vapor 

deposition (CVD) or vacuum deposition[20,21]. Inkjet printing, screen printing, and roll-to-roll 

(R2R) printing are known printing methods to print QDs[22–24]. Several printing processes were 

utilized to fabricate thin films of ternary QDs for various electrical and optical applications. One 

example can be the inkjet printing of Zn2SnO4 QDs to be used to detect humidity, in which QDs 

were prepared with microwave hydrothermal synthesis before the printing step[25]. In another 

example, CsPbBr3 QDs synthesized with the help of a three-neck flask were printed by 

electrohydrodynamic inkjet printing to be used in micro-LEDs[26]. However, the printing 

procedures employed for the QD layers were ex-situ, meaning the QD-containing inks were 

prepared before printing process. The traditional techniques for synthesizing and printing QDs in 

distinct stages are expensive and damaging to the environment due to the substantial amount of 

material waste and the numerous procedures required to synthesize the QDs and deposit them into 

thin films afterwards[27]. 

Meanwhile, promising techniques exist for producing thin films of QDs directly via in-situ reactive 

printing or coating, which allow for the formation and self-assembly of such particles directly on 

the substrate, thus resulting in simple, inexpensive, quick, and straightforward procedures that lead 

to cost reduction in the overall materials and device manufacturing process. Moreover, in-situ 

reactive printing processes produce less chemical waste and are better suited for large-scale 

environmentally mindful production. Our group’s previous study is an illustration of an in-situ 
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reactive approach where in-situ reactive inkjet printing approach was demonstrated for the first 

time to generate Au NPs. Such technique facilitates using Au NPs in delicate optoelectronic 

applications[28]. Although inkjet printing is a well-suited printing technique, it can be an 

expensive approach due to the high price of printing cartridges which might also clog over time 

and the slower speeds compared to traditional R2R processes such as gravure and offset printing 

and blade coating. In recent work, our group also employed an in-situ reactive blade coating 

approach to synthesize silver NPs on a glass substrate, textile, and surgical mask for use against 

SARS-CoV-2 with high disinfection efficacy[27]. To our knowledge, there has been no report of 

in situ reactive synthesis of binary and ternary non-metallic QDs/NPs. 

In this study, the synthesis of CIS QDs/NPs using in-situ reactive deposition technique and the 

consequent use of rapid thermal annealing (RTA) to produce QDs/NPs will be discussed. Several 

factors have been studied in synthesizing and heating these QDs/NPs, such as heat treatment 

temperature and duration. Moreover, efforts were made to get a full-coverage uniform thin film by 

using various techniques. The in-situ reactive blade coating approach utilized in this study for the 

synthesis of CIS QDs/NPs is an R2R-compatible methodology that can be applied on a wide scale 

and reduces the total cost of such materials and devices based on them. 

 Experimental 

 Materials 

Copper (I) iodide (CuI), indium (III) acetate (In(C2H3O2)3), oleylamine  (OLA) (C18H35NH2), 

sulfur (100%) were used as received to create the solutions for the blade coating procedure. 

Isopropyl alcohol (IPA) was utilized to clean silicon substrates, while acetone (C3H6O) and toluene 

(TOL) were employed to dilute the solution containing the particles for the photoluminescence 

(PL) test. For the blade coating procedure, a carbon-steel blade was utilized. Moreover, (3-

mercaptopropyl)trimethoxysilane was used for the silanization process. 

 CIS QDs synthesis 

 Precursor preparation 

Before the blade coating process, two solutions (inks) were prepared. For the first solution (CuIn 

ink), copper (I) iodide (14.6 mg) and indium (III) acetate (9.5 mg) were dissolved in 5 ml OLA, 
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followed by 30 minutes of heating at 280 °C while stirring continuously. Similarly, for the second 

solution (the S ink), 16 mg of sulfur was dissolved in 5 ml of OLA, followed by heat treatment at 

180 °C for 30 minutes while stirring.  

 Substrate preparation 

Silicon and glass substrates (1 × 1 inch2) were utilized for the blade coating procedure. After 

washing with soap and rinsing with DI water, these substrates were sonicated for 10 minutes in DI 

water and IPA, respectively. The substrates were dried after each step with airflow. Prior to the 

blade coating procedure, the surface was treated with a UV-Ozone cleaning or plasma cleaning for 

different amounts of time. Both of these surface preparation approaches increase the wetting of the 

ink over the surface of the substrates. Moreover, for some of the substrates, the silanization process 

was investigated to get a more uniform and full-coverage thin film, and the details of the process 

will be discussed thoroughly in the results section. 

 Blade coating process 

Figure 4.1 depicts a schematic illustration of CIS QDs/NPs synthesis. Figures 4.1(a) and 4.1(b) 

illustrate the preparation of CuIn and S ink, respectively. Initially, two droplets of the as-prepared 

CuIn ink (about 0.05 ml) were coated on silicon using a surgical razor blade (Fig. 4.1(c)). After 

that, two droplets of the as-prepared S ink (about 0.05 ml) were blade-coated on top of the CuIn 

ink layer, as seen in Fig. 4.1(d). The angle between the blade and silicon substrate was maintained 

at 50 degrees throughout the coating process. In the last step (Fig. 4.1(e)), the coated substrates 

were heated using RTA to generate dark brown CIS QDs/NPs. Various synthesis and heating 

parameters (time and temperature) were investigated for the prepared samples. 

 Rapid thermal annealing (RTA) heating method 

The prepared inks above were blade coated in air on top of the substrates before being put in the 

RTA immediately. The RTA utilized four primary steps to optimize heating and cooling to room 

temperature. The initial stage was purging gas into the device chamber. Before heating any of the 

samples listed in Table 4.1, the chamber of the RTA was purged with nitrogen for 30 minutes to 

exclude oxygen from the RTA chamber environment. All the other steps were completed while 

the nitrogen was being used as the purging gas.  
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The second step was the ramp up step. In this step, the temperature rose to reach the desired 

temperature. The third step was the holding step. As soon as the substrate reached the desired 

temperature, it was kept at that temperature for the time given. The studied treatment temperatures 

and durations are listed in Table 4.1 (stated in the time and temperature column). The fourth step 

was the ramp-down step. This step involved cooling the chamber from the target temperature to 

room temperature. After the cooling down step, the sample was removed from the RTA. Before 

blade coating samples, 1 ml of S ink (described in the ink preparation section) was diluted with 3 

ml of OLA to get a pure CIS structure. Table 4.1 shows all the parameters investigated for the 

prepared samples. 

Table 4.1 - CIS QDs & NPs different parameters and size estimation from SEM and TEM. 

Heating 

method 

Sample Temperature Time Average size 

from SEM 

(nm) 

Average size 

from TEM 

(nm) 

RTA (Rapid 

thermal 

annealing) 

S1 400 °C 2 min - 2.3 

S2 400 °C 3 min 3.4 3.2 

S3 400 °C 4 min 7.8  7 

S4 400 °C 5 min 10  10.8 

S5 500 °C 10 sec 9.3 Not taken 

S6 500 °C 30 sec 11.2 11.3 

S7 500 °C 1 min 14 13.6 

S8 500 °C 2 min 19.3 Not taken 

S9 500 °C 3 min 22 Not taken 

 

 Characterization 

Different approaches of characterization were employed to analyze the synthesized CIS QDs/NPs. 

X-ray diffraction (XRD) utilizing a Rigaku Ultima IV Diffractometer with a Cu target (k = 1.54 

Å) was performed to characterize the crystalline phase. Using a Cu-sealed tube, the range of angle 

2θ was between 10-65°, and the scan speed was tuned to 0.5°/min at 40 kV. A scanning electron 

microscope (SEM) equipment was used to study the morphology, structure, and size distribution 
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of QDs/NPs (Zeiss Gemini 500 device). In addition, energy-dispersive X-ray spectroscopy (EDS) 

analysis was conducted on NPs and QDs using a Zeiss Gemini 500 apparatus equipped with an 

EDS beam. A transmission electron microscope (TEM) (FEI Tecnai G2 Spirit Twin TEM) was 

also used for investigating the morphology and structure of CIS QDs/NPs. The UV-vis Cary 7000 

Measuring Spectrophotometer detected absorption in the 280-800 nm wavelength range. 

Moreover, the photoluminescence (PL) measurement was studied with a Horiba fluorescence 

spectrometer in the UV-Vis region (390-600 nm). Also, an Oxygen Plasma Etcher (PE-50 

Compact Benchtop Plasma Cleaning System) was used for cleaning the surface of the silicon and 

glass substrates.  

 Results and Discussion 

The whole process for blade coating CIS QDs/NPs was discussed in the experimental section and 

depicted in Fig. 4.1. Two layers of CuIn ink and S ink were blade-coated on top of one another to 

create the CIS thin film, as shown in Fig. 4.1(c) and Fig. 4.1(d), respectively. The sample was then 

heat treated using the RTA to form CIS QDs/NPs (Fig. 4.1(e)). Figures 4.1(f) and 4.1(g) display 

the SEM and TEM images of two samples prepared by the RTA heating process at 400oC. 

 

Figure 4.1 - Schematic of in situ reactive blade coating process of self-assembled CIS QDs/NPs. a) 

preparation of CuIn ink. b) preparation of S ink. c) blade coating the CuIn ink. d) blade coating the 

Sulfur ink on top of the first ink (CuIn ink). e) heating treatment with RTA. f) SEM and g) TEM 

Figure of formation of CIS NPs after the heating treatment with  RTA. 
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 X-ray diffraction analysis 

The crystal structure of the obtained CIS QDs/NPs were analyzed using an XRD technique and is 

shown in Fig. 4.2. Observed patterns in Fig. 4.2(a) from the sample heated at 400 °C for 5 min 

showed good agreement with the standard JCPDS CIS chalcopyrite data (No. 47-1372), 

confirming the structure of synthesized CIS nanocrystals is tetragonal. Also, from the TEM images 

of the same sample shown in Fig. 4.2(b), it is evident that most of the particles are spherical. 

Moreover, in Fig. 4.2(d), the XRD pattern of the sample heated at 500 °C for 1 min is shown, 

which indicates the peaks matching those of mixed chalcopyrite and wurtzite CIS structures. In 

the TEM image taken from this sample (Fig 4.2(e)), two different morphologies of QDs/NPs 

(semi-spherical and rice shape) can be seen, which can be attributed to having the above mentioned 

two structures in the sample.  

From other reports, it has been observed that a change in the crystal structure of CIS QDs could 

lead to a change in the morphology of the particles[10,14,29–31]. For instance, Perera et al. 

reported that their synthesized spherical QDs were related to the chalcopyrite CIS structure, and 

the rod-shape QDs were related to wurtzite CIS crystal structure, using SEM and XRD tests. They 

acquired different crystal structures of CIS QDs by trying different reaction conditions, such as 

changing the capping agents and heating temperatures[31]. They could get wurtzite structures at 

higher temperatures and higher growth rates. Therefore, the reason that the current study 

demonstrates both the chalcopyrite and wurtzite structures at 500 °C can be attributed to faster 

heating rates (shorter reaction times) and higher temperature, which lead to having kinetically 

stable wurtzite and chalcopyrite CIS mixed structure. It is worth mentioning that different heating 

rates and temperatures lead to different lengths of nucleation and growth steps, which will affect 

the final crystal CIS structure formed[32]. 
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Figure 4.2 - XRD patterns and TEM images of CIS QDs and NPs synthesized with in-situ reactive 

blade coating method heat treated using RTA. (a) XRD data, (b) TEM image, and (c) size histogram 

of Chalcopyrite and Wurtzite mixed structure of CIS NPs heat treated at 400 °C for 5 min. (d) XRD 

data, (e) TEM image, and (f) histogram of particle sizes of mixed structure of CIS NPs heat treated at 

500 °C for 1 min. 

 Scanning Electron Microscope  

Figures 4.3 and 4.4 show SEM images of the as-synthesized CIS samples, heat treated using RTA. 

Figure 4.3(a-b) shows SEM images of CIS QDs after heat treatment at 400 °C for 3 min with an 

average size of 3.4±0.7 nm (Fig. 4.3(c)). Also, Figures 4.3(d-e) and (g-h) show SEM images of 

CIS QDs heat treated at 400 °C for 4 min and 5 min showing an average particle size of 7.8±1.4 

nm (Fig. 4.3(f)) and 10±1.8 nm (Fig. 4.3(j)), respectively. The images indicate an increase in the 

size of QDs/NPs as the duration of heating at 400 °C increases. 
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Figure 4.3 - SEM images of CIS QDs and NPs synthesized with blade coating and heat treated with 

the RTA. (a,b) SEM and (c) histogram of the size distribution of CIS QDs obtained after heating the 

sample at 400 °C for 3 min. (d,e) SEM and (f) histogram of the size distribution of CIS QDs dried at 

400 °C for 4 min. (g,h) SEM and (j) histogram of the size distribution of CIS QDs obtained after heat 

treatment of the sample at 400 °C for 5 min. 

Moreover, SEM images of CIS NPs heat treated with an RTA at 500 °C for 10 sec, 30 sec, 1 min, 

2 min, and 3 min are presented in Figs. 4.4(a-b), (d-e), (g-h), (k-m), and (o-p), respectively. The 

average size of the obtained NPs is (9.3±1.8) nm (Fig. 4.4(c)) for 10 sec, (11.2±2) nm (Fig. 4.4(f)) 

for 30 sec, (14±3.2) nm (Fig. 4.4(j)) for 1 min, (19.3±3.8) nm (Fig. 4.4(n)) for 2 min, (22±3.9) nm 

(Fig. 4.4(q)) for 3 min heating duration. As shown in Fig. 4.4, the NPs grow in size as the duration 

of heating increases at 500 °C. Moreover, the rice-shaped and semi-spherical particles seen in 

samples heat treated at 500 °C for 30 sec, 1 min, 2 min, and 3 min can be related to having two 

crystal structures of CIS, chalcopyrite, and wurtzite. The possible reasons behind getting the 

mixtures of these two crystal structures were discussed in the XRD section. 
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Figure 4.4 – (a, b) and (d, e) SEM images and (c, f) histogram of the size distribution of CIS QDs and 

NPs synthesized with blade coating and heat treated with the RTA at 500 °C for 10 sec, and 500 °C 

for 30 sec, respectively; (g, h), (k, m), and (o, p) SEM images and (j,n,q) histogram of size distribution 

of CIS QDs heated at 500 °C for 1 min,  2min, and 3 min, respectively. 
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 Transmission Electron Microscope 

In Fig. 4.5, TEM images for samples heated at 400 °C for 2 min (Fig. 4.5(a)), 400 °C for 3 min 

(Fig. 4.6(b)), 400 °C for 4 min (Fig. 4.6(c)), and 400 °C for 5 min (Fig. 4.6(d)) are shown. The 

estimated size of QDs/NPs from the TEM images is (2.3±0.44) nm (Fig. 4.6(e)), (3.2±0.8) nm 

(Fig. 4.6(f)), (7±2.3) nm (Fig. 4.6( g)), and (10.8±2) nm (Fig. 4.6(h)), respectively. 

Moreover, Fig. 4.6 (a) and (b) show the TEM images of samples heated at 500 °C for 30 sec and 

1 min, respectively, with an average size estimate of (11.3±2.3) nm (Fig. 4.6(c)) for 30 sec heating 

and (13.6±3.3) nm (Fig. 4.6(d)) for 1 min heating. In this Figure, different shapes of NPs can be 

seen at the two heating durations, such as semi-spherical, rice shape, and even hexagonal. The 

reason for seeing different shapes for the sample heat treated at 500 °C is attributed to the mixture 

of crystal structures of CIS, such as chalcopyrite and wurtzite, as confirmed by XRD 

characterization and described in the XRD section. As in the case of PbS QDs/NPs heat treated at 

350 °C, the shape change observed here can also result from the rapid and intense heat pulse 

provided by the RTA. The different shapes observed in the TEM images were corroborated by 

SEM scans of the various samples studied here.  

It can be seen from the Figs. 4.3 and 4.4 that the QDs/NPs are becoming larger with increasing 

heat treatment temperature and duration. The size of QDs/NPs estimated from TEM images are in 

tune with the sizes estimated from SEM images. 
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Figure 4.5 - TEM images (a)-(d) of CIS QDs and NPs synthesized using blade coating and the RTA 

heat treatment and their histogram of the size distribution (e)-(h) for heat treatment conditions of 400 

°C for 2 min, 400 °C for 3 min, 400 °C for 4 min, and 400 °C for 5 min, respectively. 

 

Figure 4.6 - TEM images (a), (b) of CIS QDs and NPs obtained using blade coating method and the 

RTA heat treatment approach, and the resulting histogram of the size distribution for samples heat 

treated at 500 °C for 30 sec (c) and 500 °C for 1 min (d), respectively. 

 UV-vis absorption measurement 

UV-Vis measurement of CIS QDs/NPs was investigated in this report. First, the CIS QDs/NPs 

formed on the silicon substrate were dissolved in toluene. Then the UV-Vis absorption test was 

performed on the CIS solution. In this case, the estimated absorption band edge is in the range of 

360-475 nm. Also, the absorption spectra of CIS QDs/NPs formed on a glass substrate, which the 
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UV-Vis test was taken from the glass substrate and not the solution in this case, are shown in Fig. 

4.7(b). The estimated absorption band edge was in the range of 450-530 nm. The reason for 

differences in the absorbed ranges of QDs formed on glass substrates and silicon substrates is 

differences in the surface chemistry (roughness), energy band alignment, and crystallographic 

structure of glass and silicon substrates[33–35]. Moreover, the reason for trying to take the UV-

Vis test from particles formed on glass substrate was the potential of the particles formed on this 

substrate to be used in future optoelectronic applications. Formation of particles on silicon 

substrates was also tried because of ease of getting SEM and TEM pictures from particles formed 

on silicon substrates. Our UV-Vis absorption test results are similar to other literatures[14,36–38]. 

For instance, In one of the reports, colloidal CIS QDs dispersed in hexanes or toluene synthesized 

from a single source precursor showed absorption in the mentioned range above[37]. Also, in Pein 

et al. report, they synthesized CIS QDs with chalcopyrite structure, with 2-10 nm size at different 

parameters, with almost the same precursors and ligand that we used and disperse the QDs in 

chloroform for taking the UV-Vis test. Their UV Vis spectra was similar to our UV-Vis graph[36].  

 Photoluminance  

Photoluminance (PL) measurements of CIS QDs/NPs on silicon substrates were performed in the 

390-600 nm range. Figure 4.7(c-d) shows PL emission spectra of CIS samples on silicon and glass 

substrates heat treated with the RTA right after the material deposition process. Upon the formation 

of the particles on the surface of silicon substrates, they were dissolved in toluene and consequently 

excited at a wavelength of  = 360 nm. This was done due to the opacity of silicon to the excitation 

wavelength used. For samples formed on glass substrates, the PL test was taken directly using 

excitation at  = 370 nm wavelength. In Fig. 4.7(c), PL emissions of CIS QDs/NPs heated with 

the RTA at two different temperatures (400 °C and 500 °C) for different durations (1 min, 2 min, 

3 min, 4 min, and 5 min). A red shift in the PL emission peak is seen when the temperature is 

increased from 400 °C (PL peak at 407 nm) to 500 °C (PL peak at 438 nm) for 2 min of heat 

treatment. Also, with increasing the duration of heating at 400 °C from 2 min (PL peak at 407 nm) 

to 3 min (PL peak at 410 nm), 4 min (PL peak at 420 nm), and 5 min (PL peak at 427 nm), a red 

shift can also be seen as the time increases. Furthermore, at 500 °C, with increasing the duration 

of heating from 1 min (PL peak at 430 nm)  to 2 min (PL peak at 438 nm), a red shift in the peaks 

is also seen.  
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In Fig. 4.7(d), the PL response of samples formed on a glass substrate is shown. A redshift in all 

spectra can be seen with increasing temperature and duration of heating. It is noted that the peaks 

here are wider compared to corresponding samples formed on silicon substrates. The possible 

reason for this observation can be attributed to the differences between the surface chemistry 

(roughness), energy band alignment and crystallographic structure of glass substrate and silicon 

substrate themselves[33,34]. The fact, as mentioned above, that the PL spectra performed on the 

particles formed on silicon were actually taken for particles dissolved in toluene, and not in the 

solid compact film can also contribute to the observed differences between the PL for the particles 

in the liquid vs. in the solid film on the glass samples. It is known that dispersing particles in a 

given liquid will lead to reduced particle-particle interactions, thus weakening the broading and 

red shift of the spectra.  

In addition to the above, in all of the samples in Fig. 4.7(c-d), the increase in the size (Table 4.1) 

of QDs/NPs can also contribute to the observed shift and broadening in the emitted spectra.  In 

this regard, our PL results are in accord with published literature[15,39]. Although an exhaustive 

study in this venue is beyond the scope of this thesis, it is worth mentioning that other variables, 

including precursors, ligands, reaction temperature, precursor reactivity, Cu/In ratio, method of 

synthesis, etc., can affect the position of the PL peak of CIS QDs/NPs[15]. 
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Figure 4.7 - (a) UV-Vis absorption spectrum of CIS NPs and QDs formed on a glass substrate and 

(b) dissolved in toluene (for the silicon substrate case). All samples were heat treated using RTA at 

different temperatures and different durations. (c) Photoluminescence spectra of CIS NPs and QDs 

formed on silicon substrate (particles dissolved in toluene) and (d) glass substrate heated with RTA 

excited with 360 nm wavelength (silicon) and 370 nm wavelength (glass) at different temperatures for 

different times. 

 Surface modification 

In this section, substrate surface modification was performed, prior to deposition process, using 

UV-ozone cleaning, oxygen plasma etching (cleaning), and chemical surface modification (e.g., 

silanization treatment). 

Using a UV-ozone or plasma cleaning (ashing) before the coating procedure can optimize the free 

energy and leads to enhanced wettability of the ink on the substrate surface. Using these cleaning 

techniques, a substantial amount of the contaminants on top of the surfaces of the substrates will 
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be eliminated. The plasma cleaning process involves bombarding a surface with ions and electrons 

of high energy. Physical and chemical properties of the upper layer of the surface, as well as the 

surface's wettability and functionalization, are altered by this bombardment[34,40]. An Oxygen 

plasma asher/etcher (PE-50 Compact Benchtop Plasma Cleaning System) was used to clean the 

silicon substrates' surface before blade-coating. The optimal power and the duration for plasma 

cleaning was 100 W for 5 min. This allowed for a full-coverage of the thin film coating over the 

substrate surface area. In Figure 4.8, digital images of the CIS film formed on silicon substrates 

without plasma cleaning (Fig. 4.8(a,c)) and with plasma cleaning step (Fig. 4.8(b,d)) are shown. It 

can be seen that the coverage of the thin film has been improved as a result of the Oxygen-plasma 

cleaning step. 

The UV-ozone cleaning process involves the breakdown of organic molecules into gases by 

ultraviolet radiation and intense oxidation through the creation and decomposition of O3, which 

are then removed from the surface[41]. UV-ozone cleaning was also carried out on the substrates 

before the blade coating step. Upon optimization of this cleaning process, a 10-minute UV-ozone 

cleaning process was the optimal timing.  

 

Figure 4.8 - Digital images of coated silicon substrates after heat treatment with RTA at (a) 400 °C 2 

min and (b) 400 °C 3 min, and for silicon substrates cleaned with plasma before heating the samples 

at (b) 400 °C 2 min and (d) 400 °C 3 min. 

Silanization is another treatment to change the wettability of the silicon substrate. In this technique, 

a silane molecule, containing reactive groups is attached to the surface of the substrate with a 

covalent bond, which alters the surface chemistry and improves the surface energy of the substrate 

and, in turn, its wettability[42,43]. Figure 4.9 shows the silicon samples with the resulting thin 
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films upon post-deposition heating using the RTA. The surface of the substrates was functionalized 

with silane before the blade-coating. For the silanization procedure, 1 ml of (3-

mercaptopropyl)trimethoxysilane was added to 15 ml TOL and stirred to obtain uniform solution. 

The clean silicon substrates were then placed in this solution for 3 hours while heated on the 

hotplate at 60 °C. Upon the termination of this step, the substrates were removed from the solution, 

soaked in clean TOL for 30 sec, and dried with air. 

 

Figure 4.9 - Digital images of silicon substrates treated with silane and blade-coated to yield a uniform 

film of CIS QDs over the substrate surface upon heat treatment with RTA at (a) 400 °C 2 min and (b) 

400 °C 3 min. 

 Conclusion 

The in-situ reactive blade coating procedure in conjunction with RTA heat treatment of the coated 

films was used in this study to demonstrate a rapid synthesis and coating of self-assembled CIS 

QDs/NPs. Different heating parameters, such as temperature and heat treatment duration, were 

studied and found to impact the formation and crystal structure of the obtained  CIS QDs/NPs. The 

study also demonstrates that substrate surface modification steps such as oxygen plasma cleaning 

and silanization are critical to improve the surface's wettability and allow for a full coverage of the 

coated thin film on the silicon substrate, and in turn the formation of packed layers of CIS 

QDs/NPs. Blade coating is compatible with R2R manufacturing and can be scaled up to large-

scale industrial fabricating levels, which gives our approach a great potential in the low cost and 

environmentally more friendly fabrication of CIS QDs/NPs and other ternary nontoxic QDs than 

the current techniques of liquid pot chemistry and vacuum deposition and CVD processes.  
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Supporting Information B: Chapter 4  

In-situ Reactive CuInS2 Quantum dots synthesis: Impact of  selected 

heating methods 

Kimia Rezaei Shad1, Mutalifu Abulikemu1, and Ghassan E. Jabbour1* 

1School of Electrical Engineering and Computer Science, University of Ottawa, 

800 King Edward Ave., Ottawa, ON, Canada K1N 6N5 

 

Figure B 1 - EDS spectrum of CIS QDs formed on silicon substrate heat treated with RTA. 

 

Figure B 2 - XRD patterns of CIS nanoparticles synthesized with in-situ reactive blade coating method 

and heat treated using RTA at a) 400 °C  for 2 min, and b) 400 °C  for 3 min. 
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 Conclusion and Future Works 

 Conclusion 

This research intended to demonstrate the potential of the large-scale coating technique for the 

direct fabrication and deposition of binary and ternary quantum dots, nanoparticle materials, and 

thin films. Blade coating of the starting materials and consequent heat treatment allowed for the 

in-situ self-assembly of quantum dots and nanoparticles into thin films. The fabrication of two 

binary and ternary quantum dots based on PbS and CuInS2 was demonstrated successfully. 

To fabricate PbS QD thin films, two precursors were prepared, mainly Pb ink as a lead precursor 

and S ink as a sulfur precursor. The two inks were subsequently blade coated on top of each other 

on glass or silicon substrates. SEM imaging, EDS characterization, and XRD crystalline phase 

analysis revealed that crystalline PbS QDs/NPs were formed on the substrate following the post-

coating heat treatment step. Different heat treatments, such as hotplate in the glovebox, vacuum 

oven, and rapid thermal annealing (RTA), and their impact on the formation of PbS QDs/NPs with 

different shapes and size distribution were documented. By changing the concentration of the 

reactants in the prepared inks, the heat treatment temperature and its duration, the average particle 

size can be controlled. Furthermore, in order to assess the potential of such materials in 

optoelectronics, UV-vis absorption and photoluminescence (PL) tests were carried.  

Particles with an average diameter of 6-7 nm with homogenous distribution were formed by 

heating the blade-coated sample using a hotplate in a glovebox. Increasing the temperature and 

duration of heating led to an increased average size of 8-10 nm. Moreover, for samples heated in 

a vacuum oven, the average particle size was 12-14 nm, which increased to 24-27 nm with 

increased heat treatment duration. When the RTA was used for the heat treatment of the coated 

samples, a temperature of 250 °C allowed the self-assembly of spherical particles of PbS QDS 

having an average size of 15-18 nm. Increasing the temperature to 300 °C and 350 °C, most 

spherical shapes undergone a transformation to cubic structure. Chapter 3 discussed an 

investigation of the conditions that lead to shape change through a series of controlled experiments. 

One possible reason for shape change can be due to the intense heating pulse provided by RTA 

during the establishment of the required treatment temperature. The RTA heating approach 

provided the highest crystalline order for the samples, as indicated in the XRD characterization. In 



 105 

addition, through simple alteration of the heating parameters, different shapes of QDs/NPs were 

obtained when using the RTA, as documented in the SEM scans.   

Spin coating was also utilized as a deposition method of the precursor inks in order to compare 

such approach to blade coating. In this case, thin films of PbS QDs/NPs were obtained. The SEM 

study of the resulting films points to the superiority of the blade coating approach in obtaining 

uniform distribution of QDs/NPs. This is an encouraging result, as blade coating is more scalable 

than spin coating for large-scale fabrication. 

Despite the benefits of PbS QDs and the potential of these QDs for various applications (such as 

photodetectors, sensors, and other optoelectronic applications), their use on a large scale is limited 

because of the toxicity of lead. One solution to this problem is to use ternary I-III−VI2 QDs such 

as CuInS2 (CIS). These structures are economical, heavy-metal-free materials, and with low 

toxicity. In this venue, an investigation of the fabrication of self-assembled thin films of CIS 

QDs/NPs using in-situ reactive blade coating was presented. The results indicate compact films of 

self-assembled CIS QDs/NPs with a size distribution between 2-3 nm that can be obtained at 400 

°C, and 9-11 nm at 500 °C, using RTA for heat treatment. The size distribution of QDs/NPs seems 

to increase to 10-12 nm at 400 °C and 22-26 nm at 500 °C, and is dependent on the duration of 

RTA heating period.  

Prior to the fabrication of CIS thin films, two precursor inks were prepared and blade coated on 

top of each other, followed by heat treatment of the samples. The first ink was the CuIn ink (copper 

(I) iodide + indium (III) acetate + oleylamine), and the second ink was sulfur ink (sulfur powder 

+ oleylamine). Following the post-coating heat treatment, crystalline CIS QDs/NPs were formed 

on the substrate, as revealed by SEM and TEM imaging. Such structures were also characterized 

by EDS and XRD. Moreover, UV-Vis absorption and photoluminescence (PL) spectroscopy were 

performed on the resulting thin films.  

The coverage of the deposited films was successfully achieved over a silicon substrate of 1 in  1 

in area. UV-ozone cleaning, oxygen plasma cleaning, and surface silanization were different 

techniques that were studied to promote better coverage of the CIS thin layers on silicon substrates. 

It is worth noting that the results of the characterization tests of PbS and CIS QDs and NPs thin 

films were comparable to those obtained from other techniques with prepared inks, according to 
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other reports. The essential aspect of the reactive approach is it provides an extended shelf lifetime 

for starting inks and greater control over the QDs/NPs size compared to an ink containing QDs/NPs 

with a fixed size and limited shelf lifetime. Moreover, blade-coating technique is exceptionally 

significant in roll-to-roll industrial manufacturing and can provide quicker and more cost-effective 

processing of important materials such as QDs and NPs, and directly self-assemble them as layers 

for large area devices. 
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 Future works 

This study focused on an in-situ reactive blade coating method for manufacturing binary and 

ternary QDs/NPs such as PbS and CIS. Such reactive deposition approach was capable of 

manufacturing small size QDs/NPs reaching particle size below 5 nm. The roll-to-roll nature of 

blade coating positions our results for a facile transition to large-scale industrial manufacturing. 

Although these results are world’s first time demonstration, more efforts need to be made to extend 

the full-coverage and self-assembly of QDs/NPs on much larger scale than the 1 in x 1in 

demonstrated above. This can involve more modification of chemical content of the inks, substrate 

surface preparation approaches, and flexible substrate characteristics. Extending this work to 

flexible substrates such as glass and plastics will be highly beneficial to portable device industry 

(e.g., solar cells, medical sensors, smart textile, and mobile displays, to mention a few). One aspect 

to focus on in this venue could be the investigation of suitable surfactants to allow optimum 

wetting. Another effort here is to identify relevant ligand exchange processes that are also 

beneficial for getting uniform full coverage of the coated films. Such efforts will prove beneficial 

in manufacturing optoelectronic devices such as LEDs, solar cells, photodetectors, and sensors 

based on the above thin films.  

It is worth mentioning that although the focus of this study is reactive blade coating, the findings 

are readily applicable to other roll-to-roll coating/printing techniques, such as screen printing, slot-

die printing, gravure and flexography printing, etc. The current work is the spark for empowering 

low carbon footprint, low-cost and environmentally friendly approaches for advanced electrical 

and optoelectronic materials and device manufacturing.  
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