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Recent advances in nanocrystalline materials production are expected to impact the 

development of next generation low-cost and/or high efficiency solar cells. For 

example, semiconductor nanocrystal inks are used to lower the fabrication cost of the 

absorber layers of the solar cells. In addition, some quantum confined nanocrystals 

display electron-hole pair generation phenomena with greater than 100% quantum 

yield, called multiple exciton generation (MEG). These quantum dots could 

potentially be used to fabricate solar cells that exceed the Schockley-Queisser limit.  



 

At present, continuous syntheses of nanoparticles using microreactors have been 

reported by several groups. Microreactors have several advantages over conventional 

batch synthesis. One advantage is their efficient heat transfer and mass transport. 

Another advantage is the drastic reduction in the reaction time, in many cases, down to 

minutes from hours. Shorter reaction time not only provides higher throughput but 

also provide better particle size control by avoiding aggregation and by reducing 

probability of oxidizing precursors.  

In this work, room temperature synthesis of Au11 nanoclsuters and high temperature 

synthesis of chalcogenide nanocrystals were demonstrated using continuous flow 

microreactors with high throughputs.  

A high rate production of phosphine-stabilized Au11 nanoclusters was achieved 

using a layer-up strategy which involves the use of microlamination architectures; the 

patterning and bonding of thin layers of material (laminae) to create a multilayered 

micromixer in the range of 25-250 µm thick was used to step up the production of 

phosphine-stabilized Au11 nanoclusters. Continuous production of highly 

monodispersed phosphine-stabilized Au11 nanoclusters at a rate of about 11.8 [mg/s] 

was achieved using a microreactor with a size of 1.687cm3. This result is about 30,000 

times over conventional batch synthesis according to production rate/per reactor 

volume.  

We have elucidated the formation mechanism of CuInSe2 nanocrystals for the 

development of a continuous flow process for their synthesis. It was found that 

copper-rich CuInSe2 with a sphalerite structure was formed initially followed by the 



 

formation of more ordered CuInSe2 at longer reaction times, along with the formation 

of Cu2Se and In2Se3. It was found that Cu2Se was formed at a much faster rate than 

In2Se3 under the same reaction conditions. By adjusting the Cu/In precursor ratio, we 

were able to develop a very rapid and simple synthesis of CuInSe2 nanocrystals using 

a continuous flow microreactor with a high throughput per reactor volume. The 

microreactor has a simple design which uses readily available low cost components. It 

comprised an inner microtube to precisely control the injection of TOPSe into a larger 

diameter tube that preheated CuCl and InCl3 hot mixture was pumped through. Rapid 

injection plays an important role in dividing the nucleation and growth process which 

is crucial in getting narrow size distribution. The design of this microreactor also has 

the advantages of alleviating sticking of QDs on the growth channel wall since QDs 

were formed from the center of the reactor. Furthermore, size-controlled synthesis of 

CuInSe2 nanocrystals was achieved using this reactor simply by adjusting ratio 

between coordinating solvents.    

Semiconductors with a direct bandgap between 1 and 2eV including Cu(In,Ga)Se2 

(1.04 – 1.6eV) and CuIn(Se,S)2 (1.04 - 1.53eV) are ideal for single junction cells 

utilize the visible spectrum. However, half of the solar energy available to the Earth 

lies in the infrared region. Inorganic QD-based solar cells with a decent efficiency near 

1.5 µm have been reported. Therefore, syntheses of narrow gap IV-VI (SnTe, PbS, 

PbSe, PbTe), II-IV (HgTe, CdXHg1-XTe), and III-V (InAs) QDs have attracted 

significant attention and these materials have potential uses for a variety of other 

optical, electronic, and optoelectronic applications. SnTe with an energy gap of 



 

0.18eV at 300K can be used for IR photodetectors, laser diodes, and 

thermophotovoltaic energy converters.   First continuous synthesis of shape-controlled 

SnTe nanocrystals were also accomplished in this work. SnCl2, and TOPTe were used 

as reactants successfully in coordinating OA and TOP solvents. Both rod shape and 

dot shape SnTe nanocrystals with uniform size distributions could be obtained.  A blue 

shift was observed from these SnTe nanocrystals. Production rate at about 5mg/min 

(300mg/hr) was achieved using a microreactor at a size of 1.78cm3. 
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Chapter 1: Continuous and Rapid Synthesis of Nanoclusters and Nanocrystals using 

Scalable Microstructured Reactors 

Introduction 

Current methods for the fabrication of thin films for electronic devices typically 

used vacuum-based deposition processes such as molecular beam epitaxy (MBE), 

vapor phase epitaxy (VPE), metal organic chemical vapor deposition (MOCVD), 

thermal evaporation, pulsed laser deposition (PLD), and sputtering which requires 

sophisticated vacuum systems. Solution-based processes provide low-cost alternatives 

to these more expensive vacuum-based processes. Advances in colloidal nanocrystals 

are expecting to impact the next generation of low cost and high efficiency solar cells.  

The interest in nano-sized materials arises from the benefits of size and shape 

dependent properties. Quantum confinement effect gives rise to unique optical and 

electrical properties. Recently, scale-up productions of monodispersed colloidal 

nanoparticles have become an active research field because of nanoparticles’ potential 

application in displays, biomedical imaging, photovoltaics, etc.[1] Although a batch 

process is widely used for the synthesis of colloidal nanoparticles at the laboratory 

scale, batch reactors have several limitations for large scale processing. Heat and mass 

transfer become harder to control as reactor vessel size gets larger. Scale-up becomes a 

significant challenge, especially for rapid reactions. To overcome these problems 

continuous flow reactors, in particular microstructured continuous reactors, have been 

studied for the synthesis of nanoparticles.  

In general, the synthesis of colloidal nanocrystals requires three major components 
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in the precursors, organic surfactants, and solvents. The nanocrystal chemical 

synthesis involves two major steps: nucleation and growth.[2] It is desirable to 

separate the nucleation process from the growth step to achieve monodispersity. Rapid 

injection has been used successfully in dividing the nucleation and growth process 

which is crucial in getting a narrow size distribution. In many cases, it is almost 

impossible to divide clearly between the nucleation and growth process, so the 

resultant nanocrystal sizes distribution needs to be compensated for by focusing 

processes. Size focusing is optimal if the monomer concentration is maintained so that 

the average size present is always slightly larger than the critical size. If the monomer 

concentration is depleted due to the growth of nanocrystals, size distribution broadens 

as a result of Ostwald ripening.  

In this work, room temperature synthesis of Au11 nanoclsuters and high temperature 

synthesis of chalcogenide nanocrystals were demonstrated using continuous flow 

microreactors with high throughputs.   

A high rate production of phosphine-stabilized Au11 nanoclusters was achieved 

using a layer-up strategy which involves the use of microlamination architectures used 

to step up the production of phosphine-stabilized Au11 nanoclusters. Continuous 

production at a rate of about 11.8 [mg/s] was achieved using a microreactor with a size 

of 1.687cm3. This result is about 30,000 times over conventional batch synthesis 

according to production rate/per reactor volume.  

We have elucidated the formation mechanism of CuInSe2 nanocrystals for the 

development of a continuous flow process for their synthesis. It was found that 
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copper-rich CuInSe2 with a sphalerite structure was formed initially followed by the 

formation of more ordered CuInSe2 at longer reaction times, along with the formation 

of Cu2Se and In2Se3. By adjusting the Cu/In precursor ratio, we were able to develop a 

very rapid and simple synthesis of CuInSe2 nanocrystals using a continuous flow 

microreactor with a high throughput per reactor volume. The microreactor has a 

simple design which uses readily available low cost components. It comprised an inner 

microtube to precisely control the injection of TOPSe into a larger diameter tube that 

preheated CuCl and InCl3 hot mixture was pumped through. Furthermore, size-

controlled synthesis of CuInSe2 nanocrystals was achieved using this reactor simply 

by adjusting ratio between coordinating solvents.    

Semiconductors with a direct bandgap between 1 and 2eV including Cu(In,Ga)Se2 

(1.04 – 1.6eV) and CuIn(Se,S)2 (1.04 - 1.53eV)[3] are ideal for single junction cells 

utilize the visible spectrum. However, half of the solar energy available to the Earth 

lies in the infrared region. Therefore, syntheses of narrow gap IV-VI (SnTe, PbS, PbSe, 

PbTe), II-IV (HgTe, CdXHg1-XTe), and III-V (InAs) NCs have attracted attention and 

these materials have potential SnTe with an energy gap of 0.18eV at 300K can be used 

for IR photodetectors, and thermophotovoltaic energy converters. First continuous 

synthesis of shape-controlled SnTe nanocrystals was also accomplished in this work. 

SnCl2, and TOPTe were used as reactants successfully in coordinating OA and TOP 

solvents. Both rod shape and dot shape SnTe nanocrystals with uniform size 

distributions could be obtained. A blue shift was observed from these SnTe 

nanocrystals. Production rate at about 5mg/min was achieved using a microreactor. 
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CHAPTER 2. Background Information & Literature Review 

 

2.1 Colloidal Nanoparticle synthesis 

 

The obvious difference between molecular synthesis and molecular approaches to 

colloidal metals is to seek controlled methods for metal formation from molecular or 

ionic precursors.[1] Colloidal nanocrystals are sometimes referred to as artificial 

atoms because the density of their electronic states can be easily and widely controlled 

by regulating the crystal’s composition, size and shape.[2] A variety of methods have 

been developed to make colloidal nanocrystals from materials such as noble metals 

and semiconductor materials. Preparation of colloidal noble metals composed of salt 

reduction, thermolysis, photolysis and radiolysis. Preparation of semiconductor 

materials can be divided into two categories depending on the nature of the solvents, 

which are low temperature polar solvents such as water or methanol and high 

temperature non polar solvents such as tri-n-octyl phosphine (TOP), oleic acid (OA), 

oleylamine (OLA) and etc. We mainly dealt with salt reduction for noble metals and 

high temperature non polar solvents with semiconductor materials. Inorganic colloid 

chemistry in the last two decades has focused on inorganic chalcogenides.[1] Highly 

dispersed metals were widely used in large technological applications such as 

photovoltaics, catalysis and biomedical arrays.  
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2.1.1 Nucleation and growth 

 

Ostwald (1897) first introduced the terms ‘labile’ and ‘metastable’ supersaturation to 

classify supersaturated solutions in which homogeneous nucleation would or would 

not occur.[3] the solubility-supersolubility diagram (Figure 1) can be divided into 

three zones: 

1) The stable zone of an undersaturated solution where nucleation or crystal growth 

is impossible.  

2) The metastable zone where growth may occur but homogeneous nucleation 

unlikely happens  

3) The labile supersaturated zone of spontaneous and rapid nucleation. 

The supersaturation can be expressed by concentration driving force, ∆c, the 

supersaturation ratio, S, and relative supersaturation, σ. these quantities are described 

by  

*c c c∆ = −          (2.1) 

*

cS
c

=          (2.2) 

* 1c S
c

σ ∆
= = −         (2.3) 

where c is the solution concentration, and *c  is the equilibrium concentration at the 

given temperature.  

In general, there are three kinds of nucleation processes:  homogeneous, 

heterogeneous, and secondary. Homogeneous and heterogeneous are called primary 
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nucleation. Homogeneous nucleation occurs owing to driving force of the 

thermodynamics because the supersaturated solution is not stable.[4]  Nuclei more 

likely arise from a series of bimolecular collisions. 

1n nA A A− +         (2.4) 

The function of growth particle size, r, can be derived from the overall free energy, 

∆G (Figure 2). 

3 24 ln( ) 4BG r k T S r
V
π π γ∆ = − +       (2.5) 

where V is the molecular volume, r is the radius of the nuclei, Bk is the Boltzmann 

constant, S is the saturation ratio, γ is the interfacial tension. Nuclei can either grow or 

dissolve. The process should go through the decrease in the free energy of the particle. 

The critical size, rc, can be calculated by maximizing equation 2.5, setting 

/ 0d G dr∆ = . 

2
3 ln( )c

B

Vr
k T S

γ
=         (2.6) 

24crit cG rπ γ∆ =         (2.7) 

Equation 2.7 simply can be derived from equation 2.5. Inserting value of rc into the 

equation 2.7 is that  

2
24

3 ln( )crit
B

VG
k T S

γπγ
⎛ ⎞

∆ = ⎜ ⎟
⎝ ⎠

       (2.8) 

This relationship is shown in Figure 3, where the critical size decreases with 

supersaturation at the given temperature. 
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This nucleation process continues until the solute is consumed down to a value 

which is below the critical nucleation concentration.[5] After that, the stable nuclei 

begin to grow into crystals of visible size. The process of particle growth lowers the 

overall free energy of the system. Growth will continue until all of the solute has been 

consumed. (Figure 4) One of the approaches to achieving narrow distributions is the 

size-distribution focusing (Figure 5). The small particles grow more rapidly than the 

large ones because free energy is larger for small particles if monomer concentrations 

are sufficiently high.[2] When monomer concentrations fall down to saturation 

concentration due to particle growth, defocusing takes place. The distribution 

broadens because large particles could keep growing and small particles could be 

dissolved as a result of Ostwald ripening. In addition, particles can further grow by 

aggregation with other particles. Usually, nanoparticles are not thermodynamically 

stable because of their small size. Nanoparticles are needed to be arrested during the 

reaction either by electrostatic effect or adding surface protecting reagents such as 

organic ligands. 

 

2.1.2 Effects of various synthesis parameters (size and shape control) 

 

The most widely used method of reducing noble metal salts is to use a reducing 

agent such as NaBH4. Numerous derivatives of the PPh3-stabilized clusters are 

available by ligand exchange reaction. Thiols are the best substitute of PPh3 because 

Au-S bonds are stronger than Au-P bonds.[1] The isolated particles can be readily 
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redissolved in nonpolar solvents where they are indefinitely stable. Other good 

protective agents, such as phosphanes[6], phosphines[7], amines[8], chalcogenides[9], 

carboxylates[10], and polymers[11,12] have been successfully used. 

Preparation methods of semiconductor materials can be divided into wet chemistry 

and organometallic synthesis. Wet chemistry or arrested precipitation is limited by the 

boiling point of the solvents like acetone and methanol. Growing at lower 

temperatures produces nanoparticles with more defects and a wide distribution so that 

size-selective precipitation is required to isolate one size.[13] Generally, size-selective 

precipitation is the most applicable method. This approach produces nanoparticles 

with narrow size distributions, however, it is very time consuming and results in a low 

yield.[14] Organometallic synthesis has several advantages over arrested precipitation. 

There is no limit regarding temperature so that reaction rates are fast and crystallinity 

is high. High thermal energy due to high temperature is favorable, reducing defects by 

annealing during growth. At high temperature the ligands are mobile enough to 

provide access for the sedulous addition of monomer units to the growing nanocrystal 

and sterically stabilize the particles against agglomeration. However, too high of 

temperature might lead to uncontrolled growth. Choosing a proper temperature is one 

of the keys to control nanocrystal quality. 

The synthesis ways of chalcogenide II-IV, IV-VI and I-III-IV nanocrystals have 

been extensively investigated. Preparation of II-IV semiconductor nanoparticles was 

introduced by A. Henglein in 1982.[15] These were prepared by Cd(ClO4)2 and Na2S 

on the surface of commercial silica particles. The similar approaches are to dissolve a 



9 

 

metal salt in water to yield nanocrystals such as CdSe[16], CdTe[17-19], HgTe[20], 

and Cd1-xHgxTe[21-33]. Another highlight in the preparation of II-VI semiconductor 

nanocrystals is the work by Murray et al. from 1993.[24] This synthesis is based on 

the pyrolysis of organometallic reagents such as dimethyl cadmium and 

trioctylphosphine selenide after injection into a hot coordinating solvent. The term of 

organometallic approach to synthesis CdE (E=S, Se, Te)[25-30] refers to as 

TOP/TOPO synthesis and IV-VI semiconductors are composed of PbE[31,32], 

SnE[33-35] and Pb1-xSnxE[36] (E=S, Se, Te) as well.  Nanocrystal size, shape and 

even structure can be controlled by the choice of the organic surfactants and 

temperature. Common organic surfactants include phosphorous group such as alkyl 

phosphine oxides, alkyl phosphonic acid, and alkyl phosphines, fatty acids such as 

oleic acid, and amines such as oleylamine. These ligands are typically electron-

donating to allow coordination to electron-poor metal atoms at the nanocrystal surface. 

In CdTe nanocrystals, at higher temperature, oleic acid Cd ligand produces wurtzite, 

but octadecylphosphonic acid (ODPA) ligand produces zincblende structure at lower 

temperatures.[28] Typically, almost all nanocyrstals will grow to dot shape at low 

monomer concentrations and/or long enough growth time. On the other hand, the 

formation of rod or other elongated shape will be led at high monomer concentration 

and/or at high overall growth rate. One of the ways to control is to use selective 

adhesion. Spherical nanocrystals are produced as long as precursors bind strongly with 

coordinating ligands.[26,28] The combination of OA and tributylphosphine always 
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produced dot shape nanocrystals but the combination of OA and TOP could produce 

various shapes such as dots, rods, and tetrapods.[26] 

I-III-VI semiconductor (I= Cu, Ag; III=Ga, In; VI=S, Se, Te) nano-sized materials 

have potential for thin film solar cells due to high absorption coefficients, appropriate 

bandgap energies, and good radiation stability.[37-51] CuInSe2 QD synthesis has used 

single source precursors[38], intermediate precursors[46], metal 

halides[37,39,41,43,44], and metal acetate[45]. Oleylamine (OLA)[39,41,43-45], tri-n-

octylphosphine (TOP)[49], tri-n-octylphosphine oxide (TOPO)[37], mixture of 

triocthylphosphite (TOOP) and octadecene (ODE)[50], oleic acid (OA)[49], and 

hexadecylamine (HDA)[48], and octadecylamine (ODA)[51] used for Cu-In-S were 

used as surfactants. Some papers reported size control. However, control methods 

were too complicated to achieve a facile process. For example, different 

temperatures[48,49], different concentration of precursors[43] and even different 

metal halides[43] were used. Different shape of CIS was reported by several groups. 

nanoring[41], trigonal pyramid[44], snow flake[52] and wire[53] shape. Solution-

liquid-solid (SLS) method was used to produce wire shapes. However, these wires are 

contaminated by secondary phases like Cu3Se2. Trigonal pyramidal shapes are 

produced by selenourea as selenium source. Guo et al. synthesized nanorings using 

TOP/OLA as surfactants. 
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2.1.3 Comparing batch process vs. continuous process 

 

Recently, scaled-up productions of monodispersed colloidal nanoparticles have 

become an attractive research field because of their potential application in displays, 

biomedical imaging, photovoltaics,etc. Although a batch process is suitable for 

colloidal nanoparticles, batch reactors have several limitations associated with large 

scale processing.[54] Temperature and mass transfer become harder to control as 

vessel size gets larger. Scale up becomes a serious shortcoming, especially for a rapid 

reaction.[55]  

To overcome these disadvantages, continuous flow reactors, in particular 

microstructured reactors, have been introduced. Microstructured reactors are very 

favorable for fast reaction due to a high surface area to volume ratio; heat transfer and 

mass transfer are also considerably improved because these values are inversely 

proportional to the channel diameter.[56] One primary feature of microstructured 

reactors is that they have hydrodynamic flow in the channels.[57]  This feature allows 

one to simulate the model system by rational design. Basic physical mechanism or 

kinetics can be used to develop microprocess engineering apparatus.[58] Various 

principles can be applied for mixing enhancement. Multilamination[59] is a simple 

example for this. For this, the interdigital mixer and split-recombine mixer are very 

commonly used. (Figure 6) Split-recombine mixer is more favorable to high flow rate 

due to lower pressure drop. The other concept is recirculation within segments in a 

two-phase segmented flow approach. Dimensions of this micromixer is small so that 
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the flow should be laminar due to a small Reynolds number. Segmented flow (Figure 

7) can overcome several limitations such as slow diffusive reagent mixing and broad 

residence time distributions.[60]  

 

2.2 Thin film deposition 

 

The approaches used for film deposition can be divided into two broad categories: 

solution based and high vacuum gas based.  

 

2.2.1 Solution based deposition 

 

Although high-quality layers can be formed using either solution- [61-64] or 

particle-based deposition[65-74], these techniques still pose several challenges.[61] In 

general, solution processing is limited by the solubility and volume reduction when the 

solution is deposited and dried, as volume reduction may lead to crack formation in 

films. Particle-based methods could be easily contaminated by carbon, oxygen and 

chlorine stemming from precursors and organic surfactants for dispersion of particles. 

As synthesized, the nanocrystals were capped by ligands. These long ligands prevent 

close packing and obstruct charge transport in fims.[68] In order to overcome this 

issue, Mitzi et al. used the hybrid slurry method, which is a hydrazine solution process. 

Constitutional elements can be dissolved at room temperature to prevent undesired 

impurities in films. Films are washed in 1,2-ethanedithiol (EDT)[67,69] and 
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benzenedithiol[70] in acetonitrile to exchange  the  electrically insulting organic 

ligands. However, device performance was completely degraded over 24h in the 

air.[68] To remove the organic ligands, the film can simply be annealed.[66]  

 

2.2.1.1 Dip coating method[67,69] 

 

The substrates were dipped either by hand or dipping machine into a beaker 

containing nanocrystals solution and then followed by a second beaker containing 

solvents to exchange with long ligands such as 1,2-ethanedithiol (EDT) and 

benzenedithiol. The procedure is composed of immersion: the substrate is immersed in 

the solution, deposition: the thin layer deposits itself on the substrate, drainage: excess 

liquid will drain from the surface, finally, evaporation: the solvent evaporates from the 

liquid, forming the thin layer. The immersion and withdrawal speed determines the 

thickness of the coating (faster withdrawal gives thicker coating material). 

Layer by layer (LbL) offers several advantages over other thin film deposition 

methods. LbL is extremely simple and cheap. There are various materials that can be 

deposited by LbL including polyions, metals, ceramics, nanoparticles, and biological 

molecules. Furthermore, LbL has the high degree of control over thickness, which 

arises due to the linear growth. 
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2.2.1.2 Spin coating method[63,64,70-72] 

 

Spin coating is used for the thin film deposition to flat substrates. An excess amount 

of a solution is spread on the substrate and spins the substrate by centrifugal force. 

Rotation is continued while the fluid disperses on the substrate until the desired 

thickness is achieved. Film thickness and other properties depend on the angular speed, 

concentration of the solution, and the solvent characteristics such as viscosity, 

volatility and etc. In general, higher speeds and longer spinning times create thinner 

films.   

 

2.2.1.3 Inkjet printing method[75-79] 

 

The first inkjet printing device was introduced by Siemens in 1951. This process 

deposited liquid phase inks consisting of a solute dissolved or otherwise dispersed in a 

solvent. The process ejected a fixed quantity of ink from a nozzle via piezoelectric 

action. The advantages are higher resolution due to smaller drop size, fast operation 

and low power consumption. This can deposit materials for inorganic and hybrid 

organic/inorganic solar cells to offer the promising industrially scalable cost effective 

processes.  
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2.2.1.4 Drop cast method[80,81] 

 

This process uses an additional solvent to control the evaporation rate even at higher 

temperatures, resulting in better device performance. A slow evaporation rate of the 

solvent is a very important factor when film is deposited because the self-organization 

take place as the film passes from the solution phase to the solid phase. Drop casting 

can deposit relatively thicker film at a time by adjusting the concentration. 

 

2.2.2 Other methods[82-87] 

 

There are many film deposition methods such as radio-frequency reactive sputtering, 

electrodeposotion, spray pyrolysis, metal organic chemical vapor deposition, pulsed 

laser deposition and stacked elemental layer techniques, which are widely used for 

high quality. Those processes can be time consuming, relatively complicated set up or 

require expensive vacuum systems or exotic chemicals that raise production costs. 

 

2.3 Solution based thin film solar cells 

 

Solar photovoltaic (PV) technologies are an attractive option for clean and 

renewable energy. Important terms for photovoltaics performance can be found in 

Table 1. The dominant modules are based on crystalline silicon. However, these first 

generation devices use a large amount of expensive silicon, although they have high 
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efficiencies between 15-22%.[88] The other market is shared by thin film PV cells 

such as amorphous Si (a-Si), copper indium (gallium) diselenide (CI(G)S), cadmium 

telluride (CdTe), dye sensitized, organic cells, etc. These thin film technologies have 

been considered promising candidates due to low cost[89], but these second 

generation devices still need efficiency improvements. Theoretically, greater than 31% 

efficiency, Schockley-Queisser limit, is impossible using an optimal single-bandgap 

solar device.[90] One of the ways to surmount this limit is to layer several light-

absorbing materials in tandem cells. The first material absorbs the higher energy 

photons, but transmits photons with lower energy to the layers below. Triple junction 

cells are made up of InGaP (Eg=1.89eV), GaAs (Eg=1.42eV) and Ge (Eg=0.67eV) in 

series from the top.[89] Sharp’s triple-junction cell uses InGaAs instead of Ge and has 

achieved 35.8%, which is a record-breaking efficiency[91], but this is expensive.[92] 

Nozik said that multiple exciton generation (MEG) can have a maximum theoretical 

efficiency of 44% in silicon and other types of QD cells.[92,93] There are a lot of 

methods to prepare thin film solar cells. Efficiency of PVs may become less important 

if the device is able to be inexpensively produced.[94] One method of production is 

the solution based method, which can be divided into two major categories: (i) 

molecular precursor based[61-64] and (ii) nanocrystal precursor based.[65-74,95-101]. 

In general, the inorganic molecular based precursor solution is spread by spin coating, 

printing or drop casting methods onto a substrate and is dried at moderate temperature 

before sintering at high temperature.[64] Hydrazine based synthesis stabilizes 

solutions of anions with direct metal chalcogen bonding for select elements without 
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typical impurities such as carbon, oxygen and chlorine.[61] Polymer solar cells are 

made by depositing blends of donor and acceptor on the substrate.[100-102] On the 

other hand, semiconductor nanocrystal based cells include (i) inorganic based such as 

schottky junction cells and p-n or p-i-n junction cells , (ii) polymer-semiconductor 

hybrid, and (iii) dye sensitized solar cells (DSSCs). Electrical and optical properties 

depend on both size and shape of the nanostructures[103], which is the quantum 

confinement effect.  Rod shaped NCs have different optical properties compared to 

QDs of the same material. Solar cells must be thick enough to absorb all incident light, 

but increasing film thickness does not help the energy conversion efficiency due to 

electron trapping at defect states and recombination.[104] The rod structures exhibit 

potential technological advantages compared to QDs such as larger Stokes shift of the 

emission band and provides a favored path, which can enhance electronic 

transport.[105] For example, titania nanotube arrays have at least three times longer 

diffusion length than that in nanoparticle film-based cells.[104] 

 

2.3.1 Inorganic thin film cells 

 

Recently, photovoltaics based on inorganic nanocrystals have attractive attention 

such as CdTe[106], CdSe[107], PbS[70-72,95], PbSe[67,68,73,74], SnTe[35], 

CuInSe(S)2[39,41,46,62,63,108] and Cu2ZnSnS4[61,65,66] due to their low cost, ease 

of processing, physical flexibility and large area coverage. Semiconductors with a 

direct bandgap of between 1 and 2eV such as CuInSe2 (1.04eV) and CuInS2 (1.53eV) 
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are needed to achieve absorption over the entire visible region.[109] However, half of 

the solar energy available to the Earth lies in the infrared.[95] Therefore, synthesis of 

narrow gap materials such as IV-VI (SnTe, PbS, PbSe, PbTe), II-IV (HgTe, CdXHg1-

XTe), and III-V (InAs) have also attracted attention. Nanocrystal based solar cells 

require the replacement of the long passivating ligand used for preventing aggregation 

with short molecules to increase the mobility of charge carriers. PbS based solar cells 

have been investigated to increase efficiency using a ligand exchange procedure.[68] 

However, device performance was maintained for up to 5h in air but completely 

degraded over a day.  If a high temperature sintering step is acceptable, then 

nanocrystal thin films are applied with inert gases such as Ar and N2 and then are 

annealed to remove the organic ligands.[41,66,108] Cu(In1-xGax)Se2 based thin film 

cell showed a power conversion efficiency of 4.76% under standard AM 1.5 

illumination.[66]  Mitzi [61-63] group fabricates devices based on a hydrazine 

solution. This method can dissolve constitutional elements like Cu2S, In2Se3 and S in 

anhydrous hydrazine that can readily leave the system without affecting film 

properties. Furthermore, efficiency is a decent 12% based on CuIn(Se,S)2[63] and 

9.66% based on Cu2ZnSn(S,Se)4[61]. But a major problem is that hydrazine is too 

toxic. A schematic diagram of a p-n junction device was shown in Figure 8. One of the 

solar cells is a semiconductor-metal or a Schottky junction cell. Figure 9 and Figure 10 

show a schematic of a Schottky device and Schottky junction on a p-type 

semiconductor. Schottky devices have the crucial role of establishing a built-in 

potential. The Schottky junction led to the suggestion of Fermi level pinning occurring 
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at the semiconductor metal interface. This effect is important because it can limit the 

open circuit voltage in photovoltaics.[94] Recently, semiconductor nanowires have 

received attention for their unique characteristics like large surface to volume ratio, 

which makes them promising candidates for energy conversion devices.[99] The 

vertical geometry scatters light, especially at short wavelengths, and can absorb more 

light than a comparably thick solid crystalline film.[104] The PV device was 

fabricated with rod shaped CdSe and CdTe as donar and acceptor, respectively.[106] 

One of the devices combines nanowires with quantum dots shown in Figure 11.[110] 

These cells increase the interfacial area between donor and acceptor and can provide 

direct a pathway for photogenerated carriers. 

 

2.3.2 Polymer thin film cells 

 

Advantages of polymer solar cells include low cost fabrication for large area 

coverage, low specific weight and mechanical flexibility.[101]  The bottom electrode 

is a transparent conducting oxide (TCO) with a high work function like ITO acting as 

the anode. The top contact is a metal with a low work function like Al acting as the 

cathode. P3HT acts as the donor and a PCBM derivative C60 acts as the acceptor. A 

typical bulk heterojunction polymer solar cell is shown in Figure 12. One of the 

challenges in achieving higher efficiency is their limited absorption of the solar 

spectrum. Even at the peak absorption wavelength, the transmittance is around 60-

70%.[101] Usually, TCO with a high work function like indium tin oxide (ITO) has 
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been used for the bottom electrode. However, indium is an expensive metal and ITO 

deposition is a time consuming sputtering process. In addition, the brittle nature of 

ITO makes it difficult to use for flexible solar cells.[111] The bottom electrode 

(anode) is fabricated from a Ag nanowire mesh to convert into a fully solution-based 

process with no loss of efficiency.[112] Another challenge is relatively short cell 

lifetimes, currently around a few thousand hours of continuous operation under normal 

lighting conditions.[101] 

 

2.3.3 Hybrid thin film cells 

 

To date, there are no hybrid cells that offer significant advantages over organic 

cells,[96] but in principal hybrids could be used to harvest more photocurrent and 

yield higher efficiencies. Efficiency of inorganic solar cells generally exceeds over 

polymer solar cells due to higher carrier mobility. Many conjugated polymers 

typically have low carrier mobility due to the presence of ubiquitous electron traps 

such as oxygen.[113] This hybrid concept has been described by combining 

semiconducting polymers as the donor with different inorganic materials such as CdSe, 

TiO2 and ZnO as the acceptor.[114] Huynh et al. compared hybrid solar cell 

efficiencies between QDs and nanorods of CdSe. Nanorods have higher external 

quantum efficiency because they provide a directed path for electrical transport. CdSe 

nanorods and P3HT showed a best EQE of 54% and a PCE of 1.7%. Therefore, further 

optimization is still required for the enhancement of the inorganic-polymer interface to 
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remove nanorods surface traps. The double heterojunction structures of P3HT-PCBM 

and P3HT-vertically oriented TiO2 were responsible for efficient charge 

separation.[115] Additional improvement would be required for boosting charge 

separation and preventing charge recombination. 

 

2.3.4 Dye-sensitized solar cells (DSSC) 

 

Light is absorbed by a sensitizer, which is anchored to the surface of a wide band 

gap semiconductor. Charge separation occurs at the interface of the dye and 

conduction band of the solid. The wide band semiconductors such as TiO2 

(anatase)[116], ZnO[117], SnO2[118], Nb2O5[119], and In2O3[120] have been 

investigated. One of the potential for future increases in efficiency depends on new 

wide band semiconductor materials because the bandgap energy, the work function, 

and the electric resistivity of ternary compounds can be tuned such as by changing the 

Zn/In ratio in ZnO-In2O3.[121] Tan et al. use Zn2SnO4 nanoparticles which has a 

bandgap of 3.6eV and RuL2(NCS)2 as a dye is used. Maximum efficiency of DSSC 

based on Zinc stannate is 3.7%. The best photovoltaic performance both with regard to 

conversion yield and long term stability has been achieved so far with polypyridyl 

complexes of ruthenium and osmium.[122] However, the invention of an ideal 

sensitizer is challenging. In general, a new dye should absorb all light below a 

threshold wavelength of about 920nm and include attachment groups like carboxylate 

or phosphonate.[122] Recently, semiconductor quantum dots such as PbS, CdS, and 
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CdSe have been investigated as alternative organic dyes.[123,124] Wang et al. 

fabricated double-sided CdS and CdSe quantum dot co-sensitized DSSC to absorb 

light. A desirable morphology of the films would have the mesoporous channels or 

nanorods aligned in parallel. Electron diffusion of vertically aligned nanorod DSSCs 

has at least three times better than that of nanoparicle film based.[104] The nanorod 

based DSSCs could be made thicker to achieve higher efficiency. 

 

2.4 Crystal structures 

 

2.4.1 CuInSe2 structures 

 

The ternary compound semiconductor, CuInSe2, has recently been extensively 

investigated for thin film solar cells application due to their unique structural and 

electrical properties.[41] The bandgap (bulk 1.04eV) match well with the solar 

spectrum, have large absorption coefficients and photostability, and avoid the use of 

toxic elements. Near stoichiometry CuInSe2 can exist in several crystal structures. 

There are different possible cation orderings. Cu and In atoms are randomly 

distributed to be sphalerite (cubic) and chalcopyrite (tetragonal). Recently, Michelle et 

al. reported the wurtzite phase for CuInSe2 nanocrystals.[122] The major diffraction 

peaks of cubic sphalerite (SP) structure observed at 26.32 (111), 43.65 (220), 51.69 

(311) and 63.44 (400). The major diffraction peaks of tetragonal chalcopyrite (CH) 

structure observed at 26.64 (112), 44.16 (204), 52.42 (312) and 64.4 (400). The major 
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diffraction peaks of hexagonal wurtzite structure observed at 25.21 (100), 26.7 (002), 

28.56 (101), 44.4 (110), 52.54 (112) and 67.52 (202). However, these major peaks are 

very close to distinguish very clearly between SP and CH. The minor peaks at 17.12 

(101), 27.7 (103) and 35.54 (211) unique to the chalcopyrite structure can be used to 

distinguish. Besides, the peaks at (112 for CH or 111 for SP) and (204 for CH or 220 

for SP) shift to larger 2θ values from SP to CH. This information is also can be used to 

classify between two structures. On the other hand, wurtzite structure has additional 

peaks at 25.21 (100), and 28.56 (101) so that this structure is able to be classified from 

other structures, SP and CH. Allen et al. reported ordered defect compounds 

(ODC).[43] The ODC were prepared by varying the reaction temperature. For 

example, CuIn1.5Se3 QDs were synthesized as CuIn2.3Se4 QDs synthesis procedure 

with the exception of a higher temperature. In general, p-type CIS can be created by 

making the CIS Cu poor or via anneal in the maximum Se pressure, while n-type CIS 

can be created by making the CIS Cu rich or via anneal in minimum Se pressure. 

Disordering in the chalcopyrite structure such as InCu is the main defect.[123] ODC, 

eg., CuIn5Se8, CuIn3Se5 and Cu3In7Se12, have larger bandgaps, 1.28, 1.21, and 1.17 eV, 

respectively than that of CIS.[123]  

 

2.4.2 SnTe structure 

 

Bulk SnTe is a IV-IV semiconductor with a direct bandgap of 0.18 eV at 300K. The 

synthesis of colloidal NCs with bandgap energy below 0.5 eV is very challenging.[35] 
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SnTe NCs have a cubic rock-salt structure identical to that of bulk SnTe (space group 

Fm3m, a=6.327Å). The major diffraction peaks of a cubic rock-salt structure observed 

at 28.19 (200), 40.28 (220), 49.89 (222), and 65.98 (420). 
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Figure 2.1 The solubility-supersolubility diagram 

 

 

Figure 2.2 Free energy diagram for nucleation 
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Figure 2.3 Effect of supersaturation on the critical size 

 

 

Figure 2.4 Nucleation and growth of monodispersed nanoparticles 
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Figure 2.5 Size-distribution focusing 

 

 

Figure 2.6 Micromixer structures. a) interdigital and b) split-recombine 
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Figure 2.7 Mixing and residence time distribution (RTD) effects. a) single phase and 

b) segmented flow 

 

 

Figure 2.8 Schematic of p-n junction cell 
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Figure 2.9 Schematic of a Schottky device 

 

 

Figure 2.10 Schottky junction on a p-type semiconductor 



30 

 

 

Figure 2.11 Schematic of the QDs/Nanowire solar cell 

 

 

Figure 2.12 Schematic of the heterojunction polymer solar cell 
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Table 2.1 Important terminologies for photovoltaic 
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3.1Introduction 

 

Continuous synthesis of nanoparticles in reactors with microscale dimensions has 

shown promise in addressing many challenges in nanoparticle production.[1-12] In 

these reactors, small reaction volumes and improved mixing lead to more 

homogeneous chemical conditions and enhanced control of nanoparticle formation. 

Controlled and rapid changes in reaction conditions, spatial separation of reagent 

introduction, and incorporation of in situ characterization in these reactors can 

enhance the understanding of nanoparticle reaction chemistry and lead to rapid 

optimization of production methods. Also, continuous flow methods for synthesis of 

nanoparticles can enable point-of-use synthesis, which addresses concerns about 

nanoparticle transportation and stability.[12] 

For example, typical fluid layer thickness in micromixers can be scaled down to a 

few tens of micrometers. Consequently, in micromixers, mixing times of milliseconds 

can be easily achieved. Several groups have taken advantage of micromixing to 

achieve fast, controllable and uniform mixing to synthesize nanoparticles. Edel et al. 

used a micromixer for the controlled production of CdS nanoparticles in aqueous 

solution. A microfabricated mixer based on the principle of distributive mixing and 

flow lamination was used to achieve fast mixing of CdNO3 and Na2S in aqueous 

solution in the presence of a sodium polyphosphate stabilizer. It was found that the use 

of the microreactor lowered the polydispersity of CdS nanoparticles. Wagner and 

Kohler used a chip-based micromixer fabricated from silicon and glass to synthesize 
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Au nanoparticles in the size range from 5 to 50 nm. The mixing is based on split and 

recombined lamellae of the laminar streams of the solution and the mixer contains 

eight split and recombination zones. A narrower size distribution was obtained from 

the microreactor than from the conventional approach.  

Microreactors are normally operated at relatively small flow rates (1~ 100 µL/min). 

While claims have been made for the ease of scaling-up nanoparticle synthesis within 

microreactors, the technical literature does not provide any scale-up demonstrations 

for the microchannel processing of nanomaterials. We have synthesized 

triphenylphosphine (PPh3)-stabilized undecagold nanoclusters made by the reduction 

of mononuclear gold phosphine compounds using a continuous flow microreactor at 

high rate. The microreactor system used in this study features a newly developed 

multilayered micromixer. Prior papers have documented the use of header design 

strategies to control the residence time within diffusional microchannel mixers.[13]  

Because undecagold chemistries synthesize quickly, micromixing strategies focused 

on fast mixing at higher flow rates.  Scale-up of the micromixer involved the use of a 

microlamination[14] technique for implementing a “numbering-up”[15] strategy. A 

passive interdigital micromixer design capable of multi-100 ml/min flowrates was 

conceived with diffusional distances on the scale of 30 to 40 µm. The device was 

produced from 75 µm thick stainless steel 316L laminae by photochemical machining 

and diffusion bonding.[16]  This micromixer design offers the ability to scale-up 

simply by increasing the numbers of laminae while maintaining the same microscale 

diffusional distances for fast mixing.  
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3.2 Approach to scale up synthesis of nanoparticles using continuous flow 

microreactor  

 

Microreactors are normally operated at relatively small flow rates (1~ 100 µL/min). 

While claims have been made for the ease of scaling-up nanoparticle synthesis within 

microreactors, the technical literature does not provide any scale-up demonstrations 

for the microchannel processing of nanomaterials. In order for the microchannel 

processing of nanomaterials to be industrially viable, scale-up of parallel 

microchannels must be established with each microchannel processing equivalent 

amounts of fluid under precise concentrations and temperatures and small residence 

time distributions. Scale-up of microchannels involves increasing the cross-section of 

flow by arraying the number of channels.[16]  In the general microreactor literature, 

this scale-up strategy is called “numbering up”.[15]  As shown in Table 1, at least 

three levels of numbering-up can be considered for increasing the flow cross-section 

of microchannel architectures using microlamination[17] architectures.   

These scale-up strategies are not free from difficulties. The most undesirable effect 

of a parallel microchannel reaction architecture is variation in reaction conditions.  

Variations in concentration, temperature and residence time can all be detrimental to 

nanoparticle size distributions.  The most difficult of these to control is residence time.  

Poor residence time distributions can be due to both flow velocity profiles within 

microchannels as well as flow maldistribution between microchannels. 
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Prior papers have documented the use of header design strategies to control the 

residence time within diffusional microchannel mixers.[13]  Because the chemistries 

being synthesized were particularly fast, little effort was made to optimize flow 

uniformities. Instead, efforts focused on fast mixing at higher flow rates using lower 

cost non-silicon micromanufacturing techniques. A 316L stainless steel interdigital 

diffusional micromixer was conceived with diffusional distances on the scale of 30 to 

40 µm while enabling multi-100 ml/min flowrates.   

The device was produced from 75 µm thick stainless steel 316L laminae using a 

microlamination approach involving photochemical machining and diffusion bonding.  

The chemical etching and diffusion bonding processes used to fabricate the 

micromixer define lamina design constraints.  Chemical etching defines a minimum 

feature size while diffusion bonding imposes an upper limit on span between structural 

supports.  Channel depth was etched to approximately one half of the lamina 

thickness.  It is well known that improper stress distribution within diffusion bonding 

can lead to warpage and leakage phenomena within microlamination 

architectures.[18,19] Consequently, because of the thickness of the shimstock, efforts 

were made to provide adequate structural support.  Bonding conditions were found to 

cause warpage in microchannel fin with spans greater than 300 µm.   

Three-dimensional computational fluid dynamic (CFD) analyses were used to 

investigate various lamina designs.  Two-dimensional analyses were determined to be 

grossly inaccurate because the fluid volume is sandwiched between upper and lower 

walls that influence flow dispersion.  The commercial CFD software package CFD-
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ACE+ (ESI Software, Huntsville, AL) was used to model the lamina design.  Two-

dimensional hybrid (Figure 1a) and triangular meshes were generated then extruded to 

match the etch depth of the features in the lamina.  Water was specified at a constant 

velocity at the inlet boundaries and zero gage pressure assigned at the outlets.  The 

Reynolds number, based on inlet dimensions and velocity, was 35.  The fluid was 

constrained by top and bottom walls until exiting the header.  Downstream of the 

header, the top and bottom were defined as symmetry boundaries to simulate joining 

with flow from adjacent laminae.  Pressure-velocity coupling was achieved via the 

SIMPLEC pressure correction algorithm, using the algebraic multigrid solver with 

second order discretization for all variables.  Pre- and post-processing were performed 

using CFD-ACE+ on Windows XP while the solver was run on a 64-bit Linux 

machine. 

The resulting lamina design is shown in Figure 1b.  In this particular lamina, the 

inlet is shown on the left followed by a header region with cylindrical support pillars 

and finally a triangular mixing region at the bottom of the figure.  The mixing region 

is through-etched.  All other gray areas were blind etched.  To make the device, 20 of 

these laminae were interspersed between 20 laminae having a mirror image of Figure 

1b.  This allowed for two inlets (one on the left and one on the right) that both fed a 

combined mixing region leading to a single outlet. 

According to CFD analyses, teardrop-shaped support pillars provided superior 

flow dispersion with a low pressure drop penalty. However the teardrop shape was 

determined to be impractical for concentrating stress during the bonding process. 
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Cylinders were chosen because they are straightforward to etch and provide excellent 

structural support. Cylindrical pillars were placed throughout the tapered header 

region to provide mechanical support and to encourage flow dispersion.  The total 

number of computational cells for this lamina design was 2.84 million.     

To assess the uniformity of flow, the velocities at computational cells 300 µm 

downstream of the header exit (i.e. 300 µm into the mixing region) are plotted in 

Figure 2.  Thirteen percent of the velocities were within ±20% of the average velocity, 

0.041 m/s.  Pressure drop across the micromixer lamina was calculated at 135 kPa 

(19.6 psi) at a mass flow rate of 9.9E-05 kg/s (6 ml/min).   

 

3.3 Synthesis of phosphine-stabilized undecagold nanoclusters 

 

Phosphine-stabilized undecagold (dcore ~ 0.8nm) derivatives have been used 

successfully for the labeling of proteins for visualization by electron microscopy, 

coordination complexes, catalysts, and as building blocks for nanoscale devices. 

Phosphine-stabilized nanoclusters are a good building block material because the 

phosphine ligand used to stabilize the particle can be exchanged with other 

functionalized groups to become either organic or water soluble using ligand exchange 

methods.   

The traditional batch protocol for the synthesis of phosphine-stabilized undecagold 

nanoclusters was not ideal for a continuous flow system because of the required 

addition of a solid reducing agent, NaBH4, to a suspension of the precursor compound 
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Au(PPh3)Cl in EtOH[20]. A novel synthesis route was designed by McKenzie et 

al.[21] that enabled the facile synthesis of phosphine-stabilized undecagold gold 

nanoparticles via continuous flow microreactor. In this system, the Au precursor was 

dissolved in THF, and the reducing agent was introduced through the EtOH 

solution.[21] The substantial solubility of each reagent in the chosen solvent prevented 

blockages and allowed for introduction of high concentrations of the starting materials. 

Au(PPh3)Cl[22] was made from HAuCl4•xH2O (Hydrogen tetrachloroaurate, Strem). 

Undecagold clustrers were synthesized from Au(PPh3)Cl in THF and NaBH4 (Sodium 

boronhydride, Alfa Aesar) in pure EtOH. 40.5mM of Au(PPh3)Cl dissolved with 

tetrahydrofuran (THF) and 40.5mM of sodium borohydride (NaBH4) dissolved with 

EtOH were pumped into the multilayered micromixer at room temperature. The 

mixture passed through a microcapillary tube with a desired length to control the mean 

residence time for reaction. The reaction was carried out at room temperature. The 

mixture was collected into pentane to quench the reaction and to separate out the 

products through precipitation. Dichloromethane (CH2Cl2) was used for filtering 

product. Figure 3 shows simple set up. 

 

3.4 Results and discussions 

 

The phosphine-stabilized undecagold nanoparticles were characterized by 

31Phosphor and 1Hydrogen NMR spectroscopy, UV-vis absorption spectroscopy, 

thermogravimetric analysis (TGA), X-ray photoelectron spectroscopy, transmission 
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electron microscopy and mass spectrometry. The spectral signatures including 1H, 31P 

NMR and UV-Vis spectroscopy were used to identify the phosphine-stabilized 

undecagold Au11 nanoclusters. NMR provides valuable information about the Au 

nanocluster structure and enables identification of species in solution through 

chemical shifts associated with atoms in the ligands. 1H NMR spectra were 

characterized by the resonances around 6.7 and 6.6ppm.[20,21,23] 31P NMR has been 

used effectively to characterize phosphine-stabilized Au nanoclusters [24]. The 

resonances at 53.2ppm and 52.5ppm of 31P NMR correspond to 

Au11(PPh3)8Cl3[20,21,23] and Au11(PPh3)7Cl3[21,24], respectively (Figure S1 in the 

Supporting Information). The mass spectrometry spectrum (Figure S2 and Table S1 in 

the Supporting Information) confirmed the existence of both Au11(PPh3)8Cl3 and 

Au11(PPh3)7Cl3.  

Direct evidence of nanocluster size is obtained by TEM. The TEM image is given 

in Figure 4 along with an inset high resolution TEM image. TEM images were 

analyzed using image-processing software Image J.[26] The analysis indicates the Au 

nanoclusters has a median size of 1.365nm. Undecagold nanoclusters have a core of 

0.8nm in diameter and a ligand shell of roughly 0.325nm × 2.[27-31] TEM shows 

narrowly dispersed nanoparticles 0.8 nm (dcore) + 0.65 nm (dligand shell). Nanoparticle 

size is in good agreement with calculated nanocluster size. UV-Vis absorbance 

spectroscopy is a useful method for characterizing Au nanoparticles because 

differences because the peak position and shape is sensitive to Au nanocluster core-

size and ligand environment. Figure 5 shows the UV-Vis absorption spectrum of a 
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solution of phosphine stabilized undecagold nanoparticle solution synthesized using a 

40 layer micromixer at a flow rate of 100 ml/min. The spectrum clearly exhibits 

absorbance peaks due to the characteristic molecule-like absorption at 240, 310 and 

420 nm from organic-soluble Au11 nanoparticles.[17-19] The larger Au nanoparticles 

(dcore > 2 nm) will demonstrate a plasmon resonance in the range of 520 nm .[20,30]                            

The atomic ratio of the undecagold nanoparticles was determined using X-ray 

photoelectron spectroscopy. The XPS survey spectrum is given in Figure 6. The C 1s 

core level used as a reference in the XPS measurements has only one chemically 

distinct component centered at 281.9 eV binding energy (BE) and is due to 

adventitious carbon in the sample. This study is focused on Au 4f, P 2p, and Cl 2p 

spectral regions, since these elements are characteristic components of the undecagold 

nanoparticles. Panel (d) in Figure 6 show the Au 4f core levels for sodium borohydride 

reduced gold nanoparticles. The Au 4f doublet is identified at 85eV and 81.2 eV for 

Au 4f5/2 and Au 4f7/2, respectively. The composition analysis given in Table 2 

indicates the atomic ratio between Au and P is becoming larger at longer residence 

time. Au/P ratio could be related to the size of triphenylphosphine stabilized 

nanoparticles.  In general, nanoparticles bigger than undecagold like Au55 and 

Au101[30] have large Au/P ratios 4.58, and 4.81 due to steric effect of 

triphenylphosphine. The calculated atomic Au:P:Cl atomic ratios are 3.7:2.7:1, 

3.7:2.3:1, and 1:1:1 for Au11(PPh3)8Cl3, Au11(PPh3)7Cl3, and Au(PPh3)Cl, respectively. 

The XPS result suggests Ratio between Au and P is the most reasonable at residence 

1s. Larger Au nanoparticles formed at longer residence time. 
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TGA analysis (Figure S3) was used to determine the overall gold ratio of the 

undecagold nanoclusters. The TGA data, also given in Table 2, clearly show higher 

overall gold ratio is obtained at longer residence time. The calculated gold weight 

percent (Au wt.%) is 49.6%, 52.8%, and 40.0% for Au11(PPh3)8Cl3, Au11(PPh3)7Cl3, 

and Au(PPh3)Cl, respectively. In general, the higher the gold weight percent, the 

bigger the nanoparticles. Both the XPS and TGA results clearly indicate that the 

synthesis reaction of undecagold nanoclusters is fast thus its high sensitivity to the 

reaction time. Larger gold nanoclusters were made at longer residence time and have 

higher Au to ligands ratios. The precipitated Au nanoclusters were weighted and the 

resulting production rate is also listed in Table 2. At a residence time around 1s, 

phosphine-stabilized undecagold nanoclusters were synthesized at a very high 

production rate of 11.8 [mg/s] or 42.48 [g/hr] with a yield of 71%. Au11 nanoclusters 

synthesized using conventional batch process typically has a yield below 20% 

(0.08g/hr) and a synthesis time normally exceeds two hours.[20 ,31]  Consider the 

volume of a  reactor 1.687cm3. Our current throughput is about 500 times.   

In order to demonstrate the scale up capability using our layer-up approach, 

phosphine-stabilized undecagold nanoparticles were synthesized using flowrates of 20 

ml/min and 100 ml/min via 20-layer and 40-layer interdigital micromixers, 

respectively. The results are presented in Figure 7. The resulting yield is 71% from the 

20-layer micromixer operating at a flow rate of 20ml/min with a production rate of 2.4 

mg/s. The yield is also 71% from the 40-layer micromixer operating at a flow rate of 

100ml/min with a production rate of 11.8 mg/s. The results demonstrate the synthesis 
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can be scaled up to higher production rate using a microlamination strategy without 

sacrificing the overall yield.   

 

3.5 Conclusions 

 

This work demonstrates the scaled-up synthesis of undecagold nanoclusters via a 

layered-up microlamination strategy. The design of the multilayered micromixer 

offers a route to scaling the production of phophine-stabilized undecagold 

nanoclusters. By numbering-up the laminae, larger flowrates were permitted through 

the device leading to an increase in the production rate.  Experiments confirm the scale 

up of uniform sized undecagold gold nanoclusters in a continuous flow process. Both 

XPS and TGA results clearly indicate that the synthesis reaction of undecagold 

nanoclusters is fast thus it is high sensitivity to the reaction time. Larger gold 

nanoclusters were produced at longer residence times indicating a sensitivity to 

residence time. At a residence time around 1s, phosphine-stabilized undecagold 

nanoclusters were synthesized at a very high yield and high production rate of 11.8 

[mg/s] or 42.48 [g/hr] using a microreactor with a size of 1.687cm3. This result is 

about 500 times over conventional batch synthesis based on production rate/per 

reactor volume.  
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Experimental Section 

Au(PPh3)Cl[24] was made from HAuCl4•xH2O (Hydrogen tetrachloroaurate, Strem). 

Undecagold clustrers were synthesized from Au(PPh3)Cl in THF and NaBH4 (Sodium 

boronhydride, Alfa Aesar) in pure EtOH. 

Undecagold clusters synthesis: 40.5mM of Au(PPh3)Cl  dissolved with 

tetrahydrofuran (THF) and 40.5mM of sodium borohydride (NaBH4) dissolved with 

EtOH were pumped into micromixer at room temperature by using peristaltic pump 

and then collected into pentane volume is 10 times than that of mixture of precursor 

and reducing agent. Dichloromethane (CH2Cl2) was used for filtering product. 

Transmission Electron Microscopy (TEM): low resolution image of undecagold was 

taken on a Philips CM-12 operating 80KV and high resolution image was taken on a 

FEI Titan operating 300KV. NPs were dropcast out of EtOH solution on carbon 

coated 300-mesh copper grid. To calculate NPs size, ImageJ program was used. 

UV-visible analysis: Undecagold clusters were dissolved in CH2Cl2. UV-vis was 

measured by ocean optics (light source: Deuterium). 

X-ray photoelectron Spectroscopy (XPS): Samples were prepared by drop-casting an 

EtOH solution of undecagold clusters onto silicon substrate treated by AMD. (Escalab 

250) 

Thermal Gravimetric Analysis (TGA): Undecagold clusters put in an aluminum pan 

with a heating rate of 10°C/min to 600°C  under with a dry nitrogen purge at 40ml/min. 

Nuclear Magnetic Resonnace (NMR): Spectra were collected on Bruker TOP spin 

(300MHz, CDCl3) 
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Mass spectroscopy analysis: Undecagold clusters were dissolved in Acetone. Mass 

spec was measured by FAB method. (Jeol MSRoute) 
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Figure 3.1 a) Section of two-dimensional hybrid mesh extruded to create three-

dimensional CFD model. b) Lamina design showing inlet flow from left with 270 mm 

diameter cylindrical pillars within the header. 
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Figure 3.2 Velocity profile associated with side-inlet micromixer. 

 

 

Figure 3.3 The experimental setup used for the continuous synthesis of undecagold 

nanoparticles. 
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Figure 3.4 TEM image of Phosphine-stabilized undecagold. (dcore ~ 0.8nm, N = 3414, 

Median value = 1.365). Inset (right) is histogram of size distribution of gold NPs. Inset 

(left) is high resolution TEM (scale bar=2nm). 

 

Figure 3.5 UV-visible absorbance spectra of gold nanoparticles. 
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Figure 3.6 XPS of undecagold nanoparticles. binding energies are measured with 

respect to adventitious carbon, C1s=281.9 eV. Inset figures show an expanded 

spectrum of the binding energies, respectively. 

 

Figure 3.7 Yield and production rate comparison of a 20 layer vs. a 40 layer 

micromixer running at a different flow rate. 
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Device Layer Channel 

Identical devices are Identical layer or Identical channels are

connected in parallel laminae are stacked arrayed on a single 

with interconnects and/or bonded together lamina 

 

Table 3.1 Three different levels for numbering up microreactors 

 

Residence Time (s) Production rate (mg/s) Au:P:Cl ratio
a
 (Au/P) Au (wt.%)

b

0.5 10.9 5.1:3.1:1 (1.65) 40.4 

1 11.8 3.7:2.5:1 (1.48) 49.5 

1.5 10.6 4.0:2.4:1 (1.67) 63.4 

 

Table 3.2 Characteristics of undecagold nanoparticles. a ratio obtained from 

quantification of the areas of the XPS signals. b gold percent obtained from TGA 

analysis. 
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SUPPORTING INFORMATION 

a) 

 

b) 

 

Figure S3.1 NMR spectra; a) 1H NMR (300MHz, CDCl3) spectra result. 

Around 7.6 ppm and 7.4 ppm came from remaining precursor (Au(PPh3)Cl), and trace 

of triphenylphosphine oxide (PPh3O). b) 31P NMR (300MHz, CDCl3) spectra result. 

33ppm and 29ppm came from precursor trace and triphenylphosphine oxide (PPh3O) 

trace.[1] 
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Figure S3.2 Mass spectroscopy (FAB) of gold nanoparticles. 

 

 

Figure S3.3 TGA result of undecagold nanoparticles synthesized from a 40 

layer micromixer at a flow rate of 100 ml/min.
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Table S3.1 Allocation of fragment in FAB 

 

Reference 

[1] H.E. Gottlieb, V. Kotlyar, and A. Nudelman 1997 J. Org. Chem.62 7512-7515 
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CHAPTER 4. A New Synthesis of CuInSe2 Quantum dots in a Continuous 

Microreactor  

 

Hyung Dae Jin and Chih-Hung Chang* 
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Solar cells are one of the most promising renewable energy sources. However, the 

high manufacturing cost has thus far limited the widespread use of these technologies.1 

At present, Si based photovoltaic PV modules are dominant in the PV market. Thin 

film PV market share is growing owing to the its cost efficiency. Cu(In,Ga)Se2 (CIGS) 

PV modules have the highest efficiency, at about 10-14%,2 among various thin film 

PV technologies. The CIGS modules are currently being manufactured primarily using 

sputtering and selenization processes. 

Recent advances in nanocrystalline materials production are expected to impact the 

development of next generation low-cost and/or high efficiency solar cells. For 

example, semiconductor nanocrystal inks are used to lower the fabrication cost of the 

absorber layers of the solar cells.3,4 In addition, some quantum confined nanocrystals 

display electron-hole pair generation phenomena with greater than 100% quantum 

yield, called multiple exciton generation (MEG).5 These quantum dots could 

potentially be used to fabricate solar cells that exceed the Schockley-Queisser limit. 

Several papers have reported the synthesis of CIS quantum dots by means of small 

scale batch processes.3-14 Malik et al. report the first synthesis of tri-n-octylphosphine 

oxide (TOPO)-capped CuInSe2 nanoparticles using a two step reaction from CuCl and 

InCl3 in tri-n-octylphosphine (TOP), followed by injection into TOPO at 100°C. 

TOPSe was then added to the reaction mixture at 250°C. More recently, Panthani et 

al. and Guo et al. used a direct combination of Cu and In salts and elemental Se in a 

flask with oleylamine followed by heating to synthesize the CuInSe2. With so many 

components, these batch processes may have problems in controlling reaction 
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conditions resulting in poor homogeneous mixing and poor temperature control at the 

time of scale up.15  

At present, continuous syntheses of the binary semiconductor CdSe nanocrystals 

using microreactors have been reported by several papers.15-17 Microreactors have 

several advantages over conventional batch synthesis. One advantage is their efficient 

heat transfer and mass transport. Another advantage is the drastic reduction in the 

reaction time, in this case, down to minutes from hours. Shorter reaction time not only 

provides higher throughput but also provide better particle size control by avoiding 

aggregation and by reducing probability of oxidizing copper and indium precursors.18 

In this paper, we report a very rapid and simple synthesis of CuInSe2 QDs using a 

continuous flow microreactor with a high throughput per reactor volume. 

Batch syntheses were performed to better understand the reaction mechanism. 

CuInSe2 was synthesized using CuCl (copper (I) chloride) and InCl3 (indium (III) 

chloride) as precursors in a mixture of oleic acid (OA) and TOP as coordinating 

solvents at a temperature between 250°C and 260°C. TOPSe was rapidly injected by 

syringe into this reaction mixture. The majority of CuInSe2 QD syntheses use 

oleylamine as a coordination solvent. However, oleylamine can etch QDs surface over 

time11 and devices made by QDs capped by amine group lose performance quickly.19 

The QD products allowed to react for different time lengths (2, 4, 6, 8, 30, and 60 

minutes) were analyzed using XRD and EDX. The XRD results shown in Figure 1 

clearly indicate the formation of CuInSe2. CuInSe2 could exist in several forms 

incluidng sphalerite (SP), chalcopyrite (CH) and CuAu ordering.20 The selenium anion 
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sublattice remains the same with different cation orderings. Chalcopyrite structure has 

peaks at 17.2°, 27.7°, 30.9, 35.5° and 41.9° which correspond to the (101), (103), 

(200), (211), and (105) reflections respectively. In addition, it is well known that the 

XRD peak positions of CuInSe2 and Cu2Se are difficult to distinguish. The relative 

intensity between peaks around 26 and 44 could be used to help resolve this issue. The 

ratio is around 2 for CuInSe2 and 0.9 for Cu2Se. The peaks at (112 for CH or 111 for 

SP) and (204/220 for CH or 220 for SP) shift to larger 2θ values and peaks at 2θ 

values of 17.2 and 30.9 are growing. In addition, the EDX composition data indicate 

an overall composition that is initially more copper rich and approaches the Cu:In:Se 

ratio of 1:1:2 at longer reaction times. These data indicate copper-rich CuInSe2 with a 

sphalerite structure was formed initially. More ordered CuInSe2 was formed at longer 

reaction time along with the formation of Cu2Se and In2Se3 according to the following 

reaction pathway:   

 

CuCl+InCl3+Se Cu2Se+In2Se3 CuInSe2   (1) 

 

The appearance and disappearance of a small peak at 31.695, which could be 

assigned to In2Se3 (JCPDS 34-1313) corresponds well with the growth the 

superstructure peaks of CH CuInSe2 further support this mechanism. The EDX results 

showing a higher Cu/In ratio at shorter synthesis time also suggest the difference in 

the formation rate of Cu2Se and In2Se3 intermediates. Binary syntheses were 

performed and the results show a much faster formation rate of Cu2Se than In2Se3 (see 
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Supporting Information). The rate limiting step is likely to be the formation of In2Se3 

intermediate. Synthesis using a lower concentration of copper precursor than that of 

indium precursor should speed up the formation of stoichiometric CuInSe2 and be 

more adaptable to the continuous synthesis. A number of syntheses were carried out to 

find a suitable Cu/In precursor ratio for the rapid synthesis of near stoichiometric 

CuInSe2. (Figure S2 and Table S2). A suitable Cu/In precursor ratio of 3 was 

identified.  

We used a microreactor to transform the batch synthesis into a continuous flow 

process. The microreactor, shown in Figure 2a, has a simple design which uses readily 

available low cost components. It comprised an inner microtube to precisely control 

the injection of TOPSe into a larger diameter tube that CuCl and InCl3 mixture was 

pumped through.21 Rapid injection plays an important role in dividing the nucleation 

and growth process which is crucial in getting narrow size distribution.16 The design 

of this microreactor also has the advantages of alleviating sticking of QDs on the 

growth channel wall since QDs were formed from the center of the reactor. This setup 

is shown in Figure 2a. Quantum dots were separated from after the reaction mixture by 

centrifugation followed by a washing process. See the experimental section in 

supporting information for detailed synthesis procedure. Figure 2b shows the XRD 

spectrum of QDs from the continuous microreactor. This diffractogram matches the 

expected trace for CuInSe2 (JCPDS 40-1487). The transmission electron microscopy 

(TEM) image shown in Figure 2c shows the CuInSe2 QDs exhibit spherical shape.  

The QD size and size distribution were analyzed using Image J software (Figure S3) 
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and shows that the CuInSe2 QDs from the microreactor have a median diameter of 

3.7nm (σ=1.07). Lattice fringes corresponding to the (112) and (220) CuInSe2 planes 

could be seen clearly in the HRTEM image (inset in Figure 2c). The resulting average 

composition is close to 1:1.13:2.36 according to the EDX analysis (Figure S4). The 

bandgap of CuInSe2 QDs is estimated to be around 1.15eV determined by the 

absorbance spectrum shown in Figure 2d. When compared to the expected value of 

1.04 eV for bulk CuInSe2 this blue shift is likely due to a quantum confinement effect. 

The production yield as determined by weight achieved up to 132mg/hr using a 

microreactor with a small volume of 3.1867cm3. 

In summary, we have elucidated the formation mechanism of CuInSe2 QDs for the 

development of a continuous flow process for their synthesis. It was found that 

copper-rich CuInSe2 with a sphalerite structure was formed initially followed by the 

formation of more ordered CuInSe2 at longer reaction times, along with the formation 

of Cu2Se and In2Se3. It was found that Cu2Se was formed at a much faster rate than 

In2Se3 under the same reaction conditions. By adjusting the Cu/In precursor ratio, we 

were able to develop a very rapid and simple synthesis of CuInSe2 QDs using a 

continuous flow microreactor with a high throughput per reactor volume. High 

throughput continuous synthesis of CuInSe2 QDs is critical for their use in low cost 

photovoltaics.  
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Figure 4.1 Experimental and reference XRD (vertical line: JCPDS 40-1487) patterns 

of  a) 2min, b) 4min, c) 6min, d) 8min, e) 30min, and f) 60 min by batch process. 

Surfactant ratio OA:TOP is 4:1. Bottoms are the expanded figures. Peak shifts to 

larger 2θ value. Green boxes represent chalcopyrite phase and red box represents 

In2Se3 (JCPDS 34-1313). Peaks positions of Cu2-xSe are very close to that of CIS. 

Separations of peaks were shown at 8min and 30min very clearly. 
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Figure 4.2 a) Schematic of the microreactor and reactants supplying. Inset is detailed 

microreactor, b) Reference XRD (vertical line: JCPDS 40-1487) and experimental 

patterns of continuous process at 8min reaction time. Surfactant ratio OA and TOP is 

4:1, c) TEM images of CIS QDs (N=566) and d) UV-Vis-NIR absorbance spectrum of 

CuInSe2 QDs in chloroform. 
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Supporting Information 

 

Materials. Copper (I) chloride (ACS 90+%, Alfa), indium (III) chloride anhydrous 

(99.99%, metal basis, Alfa), and selenium powder, -325 mesh ( 99.5%, metal basis, 

Alfa) were purchased and used without further purification. Trioctylphosphine 

(technical grade, Aldrich), and oleic acid (technical grade, Aldrich) were purged with 

nitrogen gas for 30minutes to remove oxygen. 

 

TOP and OA chemistry (batch process) 

Precursor of Se: 1.4 mmol/ml was made with Se powder and TOP and then this 

mixture was stirred at around 90°C for several hours to give a clear solution of TOPSe. 

Precursor of Cu+In: CuCl and InCl3 were added to TOP and OA to make a 0.34 

mmol/ml solution.  This mixture was stirred at around 90°C for several hours until the 

mixture clearly dissolved and the color turned to light yellow. 
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Synthesis of CIS: 3 ml of the Cu and In precursor were added into a flask and the 

temperature is held between 250°C and 260°C. Next, 1 ml of Se precursor was 

injected into the flask using a syringe.  

 

TOP and OA chemistry (continuous process) 

Precursor of Se: 1.4 mmol/ml was made with Se powder and TOP and then this 

mixture was stirred at around 90°C for several hours to give a clear solution of TOPSe. 

Precursor of Cu+In: A mixture of 0.11 mmol/ml of CuCl and 0.34 mmol/ml of InCl3 

was made and then this mixture was stirred at around 90°C for several hours until the 

mixture clearly dissolved in TOP and OA and the color turned to light yellow. 

Synthesis of CIS: Cu+In precursor was pumped into a mixer with a flowrate of 0.3 

ml/min and the TOPSe precursor was pumped into the mixer with a flowrate of 0.1 

ml/min at the same time. The reaction time was controlled by length of polymer tubing 

in a hot silicon oil bath and the temperature was held between 250°C and 260°C.  

 

Purification process 

After the reaction excess MeOH was added to wash and precipitate the nanocrystals, 

followed by centrifugation at 5000rpm for several hours. The supernatant was 

discarded and then the nanocrystals were redispersed in either toluene or chloroform. 
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Characterization of materials. 

Transmission Electron Microscopy (TEM): a low resolution image was taken on a 

Philips CM-12 operating 80KV and a high resolution image was taken on a FEI 

Tecnai G2 operating at 200KV. NPs were dropcast out of toluene solution on carbon 

coated 300-mesh copper grid. To calculate NPs size, ImageJ program was used. 

X-ray diffraction (XRD): the phase and the crystallographic structure were 

characterized with Kα radiation (Discover D8 operating at λ=1.54nm). A glass slide 

was used as a substrate. 

Energy Dispersive Spectroscopy (EDS): The composition was measured (EDS built in 

FEI Quanta 600F) after drying in a vacuum furnace at 200°C for 1 hr to remove 

residual solvent. Three different spots were measured from the same sample. 

UV-visible and IR analysis: QDs were dispersed in chloroform and were analyzed 

using a JASCO V-670 spectophotometer. 

Thermal Gravimetric Analysis (TGA): QDs were placed in an aluminum pan with a 

heating rate of 10°C/min to 600°C  under with a dry nitrogen purge at 40ml/min. 

 

TGA result: TGA indicates that about 20% of the sample is CIS synthesized by 

surfactant ratio (TOP : OA = 1 : 4), residence time (8min), and flowrate (Cu+In 

precursor : TOPSe = 0.3ml/min : 0.1ml/min) 
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Figure S4.1 TGA result  
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Figure S4.2 Experimental and reference XRD (vertical line: JCPDS 40-1487) patterns 

of (a) 0.23:0.45, (b) 0.11:0.34, (c) 0.23:0.34, and (d) 0.34:0.34 mmol/ml at 8min 

reaction time. Surfactant ratio of OA:TOP is 4:1. Inset figure shows peaks are 

separated. 
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Figure S4.3 Size distribution 

 

 

Figure S4.4 Cu:In:Se ratio of CIS QDs by EDS data 
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The simulated CuInSe2 powder XRD patterns were obtained using CaRIne 

Crystallography 3.1 program.  

 

Figure S4.5 Crystal structures of a) Chalcopyrite (I-42d, a=5.782, c=11.619), and b) 

Sphalertite (F-43m, a=5.86). 

Atomic coordinates 
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(a) 

 

(b) 

 

Figure S4.6 Simulated XRD patterns of CIS nanocrystals of a) Chalcopyrite, and b) 

Sphalerite. 
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Table S4.1 Composition of CIS obtained by EDS with reaction times 

 

Synthesis of In2Se3 and Cu2-xSe: 

Syntheses of In2Se3 and Cu2-xSe were carried out to better understand the reaction 

kinetics of these binary compounds. InCl3(0.34mmol/ml) or CuCl (0.34mmol/ml) was 

dissolved into a mixture of OA and TOP (1:4) at around 90°C for several hours by 

stirring. The temperature was held between 250°C and 260°C. Next, TOPSe was 

injected into the flask using a syringe. In case of Cu2-xSe, CuCl color turns black right 

after injection of TOPSe. On the other hand, color change of InCl3 took longer time by 

In2Se3 formation. Reaction rate of Cu2-xSe (less than second) formation is one order of 

magnitude faster than that of In2Se3 (around 2minutes) formation with TOPSe 

(1.4mmol/ml) injection. In general, ligands not only act as solvents but also act as 

electron donors. InCl3 could need more electron than CuCl. TGA result (Figure S7) 

showed different coordinating ligands used between In2Se3 and Cu2-xSe. TOP which is 

σ-donor is stronger donor than OA. Electron donation of TOP could be sufficient for 
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formation of Cu2-xSe as well as relative small size of Cu could hinder adhesion of OA. 

On the other hand, both TOP and OA could adhere to In2Se3 for electron donation. 

 

Figure S4.7 Binary compounds XRD, EDS and TGA results. a) In2Se3 and b) Cu2-xSe 

at 8min reaction time 

 

Table S4.2 Composition of CIS obtained by EDS with different concentrations at 8min 

reaction time 
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Additional Information 

 

NMR result can give additional information.  

 

Preparation for NMR 

Powdered CuCl and/or InCl3 were added to TOP and OA to (OA:TOP=4:1) make a 

0.34 mmol/ml solution.  

Nuclear Magnetic Resonnace (NMR): Spectra were collected on Bruker TOP spin 

(300MHz, CDCl3) 

 

 

 

 

Figure A4.1 NMR of No purged TOP 
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Figure A4.2 NMR of purged TOP 

Figure A1 and A2 show no big difference between purged and no purged.  

 

Figure A4.3 NMR of a mixture of TOP and OA 
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A mixture of TOP and OA result in upfield shifts compared to TOP only due to 

increasing in oxidation state.  

 

Figure A4.4 NMR of CuCl complexes with TOP 

 

CuCl complexes were formed based on Figure A4. Peaks shift upfield due to 

increasing in oxidation state. 
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Figure A4.5 NMR of InCl3 complexes with TOP 

InCl3 complexes peaks are quite different from peaks of TOP and CuCl complex with 

TOP. 
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Figure A4.6 NMR of CuCl complexes with TOP and OA 

 

Figure A4.7 NMR of InCl3 complexes with TOP and OA 
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Figure A4.8 NMR of CuCl and InCl3 complexes with TOP and OA 

Metal haldides such as CuCl and InCl3 formed complexes with TOP and/or OA. 

Further study for NMR would be needed to interpret and extract significant 

information from this study. 
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CHAPTER 5. Continuous and Rapid Synthesis of Size-Controlled CuInSe2 

Nanocrystals  

 

 

Hyung Dae Jin and Chih-Hung Chang* 
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The Recent advances in nanocrystalline materials production are expected to impact 

the development of next generation low-cost and/or high efficiency solar cells. For 

example, Gur et al. reported air-stable all-inorganic nanocrystal solar cells processed 

from solution using CdSe and CdTe nanorods. CuInSe2 and its related alloys, 

including CuInS2, CuGaSe2, CuGaS2 are promising materials for photovoltaics due to 

their unique structural and electrical properties. Several papers have reported the 

synthesis of CIS nanocrystals by means of small scale batch processes.3-14 Schulz et al. 

synthesized CuInSe2 and Cu(InGa)Se2 nanoparticles via a metathesis reaction of CuI, 

InI3 and GaI3 in pyridine with Na2Se in methanol under an inert environment. 

Agglomerated, amorphous CIGS nanoparticles were obtained. For the synthesis of 

size and shape-controlled nanocrystals, the hot injection method is more suitable. In a 

typical hot injection synthesis, the reactants were injected into a hot coordinating 

solvent for rapid nucleation and controlled growth process. Malik et al. reported the 

first synthesis of tri-n-octylphosphine oxide (TOPO)-capped CuInSe2 nanoparticles 

using a two step reaction from CuCl and InCl3 in tri-n-octylphosphine (TOP), 

followed by injection into TOPO at 100°C. TOPSe was then injected to the reaction 

mixture at 250°C. More recently, Panthani et al. and Guo et al. used a direct 

combination of Cu and In salts and elemental Se in a flask with oleylamine followed 

by heating to synthesize the CuInSe2. These impressive advances for the synthesis of 

high quality CuInSe2 nanocrystals rely primary on batch procedures and require long 

processing time (hours to days), inert conditions (Schlenk line and/or glove box), long 

heating and cooling procedures. In addition, these batch processes may have problems 
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in controlling reaction conditions resulting in poor homogeneous mixing and poor 

temperature control at the time of scale up.15  

In this paper, we reported a simple, continuous, scalable and rapid synthesis of size-

controlled CuInSe2 nanocrystals using a continuous flow microreactor. Mixture of 

TOP and OA was used as coordinating solvents in our synthesis. Oleylamine 

(OLA)4,5,12,13, tri-n-octylphosphine (TOP)15, tri-n-octylphosphine oxide (TOPO)3, 

mixture of triocthylphosphite (TOOP) and octadecene (ODE)15, oleic acid (OA)10, and 

hexadecylamine (HDA)16, and octadecylamine (ODA)17 have been used as 

coordinating solvents for the synthesis of CIS nanocrystals. Mixture of TOP and OA 

has the advantage of high solubility of metal halides which is favorable for higher 

production rate than solubility of the other solvents, especially OLA. Another key 

factor is the ratio between these two different coordinating solvents owing to their 

difference in bonding strength and steric effect.18  

We used a microreactor to achieve continuous and rapid synthesis of size-controlled 

CuInSe2 nanocrystals. The microreactor, shown in Figure 1, has a simple design which 

uses readily available low cost components. It comprised an inner microtube to 

precisely control the injection of TOPSe into a larger diameter channel that preheated 

CuCl and InCl3 mixture was pumped through. Rapid hot injection plays an important 

role in dividing the nucleation and growth process which is crucial in getting narrow 

size distribution.16 The design of this microreactor also has the advantages of 

alleviating sticking of nanocrystals on the growth channel wall since nanocrystals 

were formed from the center of the reactor. Nanocrystals were separated from after the 
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reaction mixture by centrifugation followed by a washing process. See the 

experimental section in supporting information for detailed synthesis procedure.   

By maintaining the reaction channel length, the reaction times for all syntheses were 

kept constant. Size-controlled CIS nanocrystals were successfully synthesized simply 

by tuning the ratio between the two coordinating solvents OA and TOP. The TEM 

images and the corresponding size distribution histograms of CuInSe2 nanocrystals 

synthesized using different ratios between these two coordinating solvents are given in 

Figure 1. The TEM images and histograms clearly show that the sizes of the CuInSe2 

nanocrystals can be tailored with good size controls. CuInSe2 nanocrystals with a 

median size of 2.6 nm (Figure 2a) was synthesized after injection of TOPSe into a 

CuCl and InCl3 mixture with an OA:TOP ratio of 9:1. In contrast, CuInSe2 

nanocrystals with a median size of 3.7 nm was synthesized using an OA:TOP ratio of 

4:1 in CuCl and InCl3 mixture to react with TOPSe. In addition, a median value of 3.5 

nm CuInSe2 was synthesized using an OA:TOP ratio of 4:1 in CuCl and InCl3 mixture 

to react with and a mixture of OA and TOP for element Se as 3:1 ratio. Even though 

the ratio OA:TOP is the same in the CuCl and InCl3 mixture, the resulting size, size 

distribution and most significantly the yield of CuInSe2 nanocrystals are quite different 

owing to the difference of Se coordination solvents. A median value of 4.1 nm 

CuInSe2 was synthesized using an OA:TOP ratio of 9:1 in CuCl and InCl3 mixture to 

react with and a mixture of OA and TOP for element Se as 3:1 ratio. A possible 

mechanism is the growth by Ostwald ripening. In other words, relatively larger 

number of small nuclei was generated at the nucleation stage. After the nuclei were 
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formed slow growth associated with low monomer concentration led to the nuclei size 

fall within the critical nuclei size. The nuclei less than the size of critical nuclei will 

dissolve. The Ostwald ripening resulted in broad and skewed size distribution.19 

The different bonding strength and steric effect of various coordinating solvents 

offer a good opportunity. Size, size distribution and production yield of nanocrystals 

can be controlled by tuning the ratio of coordinating solvents that will affect the 

number of nuclei formed at the nucleation step and the remaining monomer 

concentration for the later growth step. TOP is a fork shaped molecule with a 

phosphor in the center. In contrast, OA is a linear chain molecule. No nanocrytsals 

could be obtained after injection of TOPSe into a CuCl and InCl3 mixture with an 

OA:TOP ratio of 7:3. When relatively high TOP concentration used, metal halides 

precursor became much less reactive in comparison to the case of low TOP 

concentration. TOP efficiently suppress the nuclei creation at the nucleation step due 

to its strong bonding and steric effect. TOP concentration in case of the OA:TOP ratio 

of 9:1 result in relatively small size QDs.  

The UV-Vis-NIR absorbance spectra of the corresponding CuInSe2 nanocrystals 

were given in Figure 1. The optical bandgaps were estimated to be 1.3eV, 1.2 eV, and 

1.1 eV for CuInSe2 nanocrystals with a median size of 2.6 nm, 3.5 nm, and 4.1 nm, 

respectively. When compared to the expected value of 1.04 eV for bulk CuInSe2. This 

blue shift is likely due to a quantum confinement effect.  

 The corresponding X-ray spectra are given in Figure 3a. The XRD results clearly 

indicate the formation of CuInSe2. CuInSe2 could exist in several forms incluidng 
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sphalerite (SP), chalcopyrite (CH) and CuAu ordering.20 The selenium anion sublattice 

remains the same with different cation orderings. Chalcopyrite structure has peaks at 

17.2°, 27.7°, 30.9, 35.5° and 41.9° which correspond to the (101), (103), (200), (211), 

and (105) reflections respectively. The XRD confirmed the formation of CuInSe2 

nanocrystals. The broadening of XRD peaks for smaller nanocrystals can be seen 

clearly from the (112) peaks. The lattice fringes related to the (112) and (220) planes 

can be visualized clearly from the HRTEM images (Figure 3b). The resulting average 

composition show a stoichiometry close to 1:1.19:2.38, 1:1.19:2.37, and 1:1.05:2.16, 

respectively, according to the EDX analysis (Figure S1). The slightly indium-rich 

stoichiometry could be beneficial for photovoltaics.  

Table S1 summed up that different surfactant ratio results in different nanocrystals 

size, production yield and even weight of ligands grafted at the surface of CIS 

nanocrystals. TGA (Figure S2) results described that the low-temperature weight loss 

curve (200°C - 300°C) indicated the loss of TOP ligand and the high-temperature 

weight loss curve (400°C - 450°C) indicated the loss of OA ligand. At approximately 

450°C, the weight loss tapers off. Figure 4 illustrates the strategy of our process for 

the synthesis of size-controlled CuInSe2 nanocrystals.   

 In summary, we have successfully synthesized CuInSe2 nanocrystals with good size 

controls ranging from 2.6 nm to 4.1 nm using a novel continuous flow microreactor. 

The continuous-flow microreactor could overcome the drawbacks of conventional 

batch synthesis such as low production rate, long heating, cooling and reaction time, 

the need for Schlenk line and/or glove box, and most importantly the challenge for 
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scale up. The different bonding strength and steric effect of the coordinating solvents, 

OA and TOP, offer a good opportunity to tailor the size, size distribution and 

production yield. Metal halides precursor was less reactive when high TOP 

concentration used. High production rate achieved up to 11 mg/min (or 660 mg/hr) 

using a microreactor with a size of only 3.1867cm3.  UV-Vis-NIR absorbance spectra 

showed that bandgaps of as-synthesized CuInSe2 nanocrystals of different sizes can be 

adjusted between 1.1 eV and 1.3 eV simply by changing the OA to TOP ratios. The 

combination of this simple and facile synthesis with the scaleable continuous flow 

microreator process could open up opportunity for the fabrication of solar cells using 

CuInSe2 nanocrystals synthesized from this size tunable process for optimum solar 

energy harvesting. 
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Figure 5.1 Schematic of the microreactor and reactants supplying. Inset is detailed 

microreactor 
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Figure 5.2 CuInSe2 QDs of a) median value of 2.6nm, b) median value of 3.5nm, and 

c) median value of 4.1nm. Top figures are TEM images, middle figures are size 

distributions, and bottom figures are UV-VIS-IR absorbance spectra in chloroform.  
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Figure 5.3 CuInSe2 Nanocrystals of a) Experimental and reference XRD (vertical line: 

JCPDS 40-1487) of (a) a median value of 2.6nm, (b) a median value of 3.5nm, and (c) 

a median value of 4.1nm and b) The HRTEM images of a median value of 3.5nm 

 

 

Figure 5.4 The size control strategy of CIS 
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Continuous and Rapid Synthesis of Size-Controlled 

CuInSe2 Nanocrystals  

 

Hyung Dae Jin and Chih-Hung Chang* 

Supporting Information 

 

Materials. Copper (I) chloride (ACS 90+%, Alfa), indium (III) chloride anhydrous 

(99.99%, metal basis, Alfa), and selenium powder, -325 mesh ( 99.5%, metal basis, 

Alfa) were purchased and used without further purification. Trioctylphosphine 

(technical grade, Aldrich), and oleic acid (technical grade, Aldrich) were purged with 

nitrogen gas for 30minutes to remove oxygen. 

 

TOP and OA chemistry (continuous process) 

Precursor of Se: 1.4 mmol/ml was made with Se powder and TOP and then this 

mixture was stirred at around 90°C for several hours to give a clear solution of TOPSe. 
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Precursor of Cu+In: A mixture of 0.11 mmol/ml of CuCl and 0.34 mmol/ml of InCl3 

was made and then this mixture was stirred at around 90°C for several hours until the 

mixture clearly dissolved in TOP and OA and the color turned to light yellow. 

Synthesis of CIS: Cu+In precursor was pumped into a mixer with a flowrate of 0.3 

ml/min and the TOPSe precursor was pumped into the mixer with a flowrate of 0.1 

ml/min at the same time. The reaction time was controlled by length of polymer tubing 

in a hot silicon oil bath and the temperature was held between 250°C and 260°C.  

 

Purification process 

After the reaction excess MeOH was added to wash and precipitate the nanocrystals, 

followed by centrifugation at 5000rpm for several hours. The supernatant was 

discarded and then the nanocrystals were redispersed in either toluene or chloroform. 

 

Characterization of materials. 

Transmission Electron Microscopy (TEM): a low resolution image was taken on a 

Philips CM-12 operating 80KV and a high resolution image was taken on a FEI 

Tecnai G2 operating at 200KV. NPs were dropcast out of toluene solution on carbon 

coated 300-mesh copper grid. To calculate NPs size, ImageJ program was used. 
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X-ray diffraction (XRD): the phase and the crystallographic structure were 

characterized with Kα radiation (Discover D8 operating at λ=1.54nm). A glass slide 

was used as a substrate. 

Energy Dispersive Spectroscopy (EDS): The composition was measured (EDS built in 

FEI Quanta 600F) after drying in a vacuum furnace at 200°C for 1 hr to remove 

residual solvent. Two different spots were measured from the same sample. 

UV-visible and IR analysis: QDs were dispersed in chloroform and were analyzed 

using a JASCO V-670 spectophotometer. 

Thermal Gravimetric Analysis (TGA): QDs were placed in an aluminum pan with a 

heating rate of 10°C/min to 600°C  under with a dry nitrogen purge at 40ml/min. 
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 (a) 

 

(b) 

 

(c) 

 

Figure S5.1 Cu:In:Se ratio of CIS QDs of (a) median value of 2.6nm, (b) median value 

of 3.5nm, and (c) median value of 4.1nm by EDS data 
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TGA results: CISs synthesized were determined by thermo gravimetric analysis 

(TGA). 

(a) 

 

(b) 
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(c) 

 

Figure S5.2 TGA result of (a) median value of 2.6nm, (b) median value of 3.5nm, and 

(c) median value of 4.1nm 

 

 

Table S5.1 Characteristics of CIS QDs. acalcuated from Image J. bobtained from TGA. 

cobtained from EDS. dSe precursor dissolved in a mixture of TOP and OA as 3:1 

volume ratio used.
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CHAPTER. 6. Continuous Synthesis of Shape-Controlled SnTe Nanocrystals 

 

Hyung Dae Jin, and Chih-Hung Chang* 
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Recent advances in nanocrystals are having a dramatic impact on the development 

of next generation low-cost and high efficiency solar cells1. Semiconductor 

nanocrystal inks are being used to lower the fabrication cost of the absorber layers of 

solar cells. In addition, hybrid organic and inorganic materials are promising for the 

realization of low-cost roll-to-roll printing solar cells. Semiconductors with a direct 

bandgap between 1 and 2eV including Cu(In,Ga)Se2 (1.04 – 1.6eV) and CuIn(Se,S)2 

(1.04 - 1.53eV) are ideal for single junction cells utilize the visible spectrum.2 

However, half of the solar energy available to the Earth lies in the infrared region.3 

Inorganic QD-based solar cells with a decent efficiency near 1.5 �m have been 

reported.3 Therefore, syntheses of narrow gap IV-VI (SnTe, PbS, PbSe, PbTe), II-IV 

(HgTe, CdXHg1-XTe), and III-V (InAs) QDs have attracted significant attention and 

these materials have potential uses for a variety of other optical, electronic, and 

optoelectronic applications.4 SnTe with an energy gap of 0.18eV at 300K4 can be used 

for IR photodetectors, laser diodes, and thermophotovoltaic energy converters.5  

An important factor for the adoption of NCs for photovoltaics is their cost.6 

Continuous flow microreactors have many advantages over conventional batch 

reactors for the synthesis of NCs.7 One advantage is their efficient heat and mass 

transfer. Another advantage is the possibility of reducing the reaction time. Shorter 

reaction time not only provides higher throughput but also provides better size control 

by avoiding aggregation. Here we report the first continuous synthesis of high quality 

dot and rod shape SnTe NCs. The size and shape of these NCs could be tuned simply 

by adjusting the reaction time and temperature of the microreactor.  
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As a tin source, SnCl2 anhydrous in a mixture of tri-n-octylphosphine (TOP) and 

oleic acid (OA) was stirred at 120°C until the solution turned an opaque white color. 

Sn[N(SiMe3)2]2 as a tin source4,5 is not ideal for our continuous flow microreactor due 

to its higher viscosity and lower solubility. SnCl2 has higher solubility and lower 

viscosity and is relatively inexpensive in comparison with Sn[N(SiMe3)2]2. The 

relatively high solubility of the tin source in TOP provided an increment in the 

production rate. The tellurium precursor solution (TOPTe) was prepared by dissolving 

elemental tellurium powders in tri-n-octylphosphine (TOP) at 120°C.  The 

microreactor has a simple design which uses all readily available low cost 

components. It uses an inner microtube to precisely control the injection of TOPTe 

into the SnCl2 solution. Rapid injection plays an important role in dividing the 

nucleation and growth process which is crucial in getting a narrow size distribution.8 

The design of this microreactor also has the advantages of alleviating sticking of 

nanoparticles on the growth channel wall since QDs were formed from the center of 

tubing. The flowrates of the two precursors are 0.25ml/min (tin precursor) and 

0.1ml/min (Te precursor). This reaction temperature was held constantly using an oil 

bath that was maintained between 170 and 190°C to drive the SnTe nanocrystal 

formation reaction. The SnTe NCs were isolated and purified using centrifugation. No 

additional size selection process was employed (see Supporting Information for 

details). 

Transmission Electron Microscopy (TEM) images of the as-synthesized SnTe NCs 

are given in Figure 1. Figure 1a shows monodispersed spherical-shape QDs 
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synthesized at a temperature range between 170°C and 180°C. The median particle 

size is 3.23nm (σ=1.38, N=680, Figure S2). Figure 1b shows rod-shape SnTe NCs 

with dimensions of 20±5 nm wide and 60±10 nm long at a temperature range between 

180°C and 190°C. Aspect ratio of rods is around 3. X-ray diffraction (XRD) spectra 

indicate the SnTe NCs have good crystallinity with a cubic rock-salt structure identical 

to that of bulk SnTe (space group Fm3m) (Figure 2, Figure S3 and S4). Energy 

dispersive X-ray spectroscopy (EDX) confirmed a nearly stoichiometric composition 

(see Supporting Information). The absorption spectra of the SnTe NCs which include 

both dot and rod shape are given in Figure 3. The bandgap of dot shape SnTe NCs is 

estimated to be around 0.8eV. The bandgaps of SnTe nanorods are determined to be 

0.6eV for a 5min reaction time and 0.4eV for a 7min reaction time, respectively. The 

bandgap of 14 nm and 7.2 nm SnTe quantum dots is reported to be around 0.39eV and 

0.54eV, respectively.4 Peaks around 1700nm and 2400nm come from solvents (Figure 

S6).  

It is known that the electrical and optical properties of NCs depend strongly on both 

size and shape.9 The rod shape NCs exhibit some potential technological advantages 

over spherical shape NCs such as larger Stokes shift of the emission band and 

provides a favored path for enhanced electronic transport.10 Solar cells require 

sufficient thickness for the absorption of all incident light, however film thickness 

increment also increase the probability of carrier trapping at defect and recombination 

sites.11 Formation of the nanocrystals with anisotropic shapes requires a kinetic growth 

control other than thermodynamic control. In a kinetically controlled growth regime, 
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high-energy surface grow more quickly than low-energy surface. Shape control can 

also be achieved by using surface selective surfactants to alter the relative growth rates 

of different crystal facets. At present, a number of shape-controlled semiconductor 

nanocrystals including InAs8, CdSe9,12-14, InP10, CdTe12, TiO2
15, PbSe16, CuInS2

17 and 

CuInSe2
18,19 have been reported.  

Microreactor offers unique opportunity in creating kinetically controlled growth by 

precise control over temperature, concentration and reaction time. The shape and size 

of SnTe NCs can be tuned by controlling the reaction conditions. The use of both TOP 

and Osimply A affects the nucleation and growth process significantly. TOP binds 

more strongly to SnTe NCs than OA does. Thus, high TOP concentration can suppress 

the nucleation process due to its bonding strength and steric hindrance effects.8 NC 

nuclei in an extremely high chemical potential environment have higher probability of 

forming anisotropic nanocrystals.8,20 The suppression led to a lower number of nuclei 

during the nucleation step. The suppression also resulted in a higher concentration of 

monomers that were available in the growth step. This high concentration along with 

the higher temperature promoted the formation of rod-shaped NCs. Slightly longer 

reaction time created a lower chemical potential environment and spherical shape NCs 

were observed in addition to larger nanorods (Figure S8). The Ostwald ripening is 

likely the cause for the broader and more skewed size and shape distribution. 

In summary, we report the first continuous synthesis of shape-controlled SnTe 

nanocrystals using a microreactor. SnCl2, and TOPTe were used as reactants 

successfully in coordinating OA and TOP solvents. Both rod shape and dot shape 
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SnTe nanocrystals with uniform size distributions could be obtained.  A blue shift was 

observed from these SnTe nanocrystals. Production rate at about 5mg/min (300mg/hr) 

was achieved using a microreactor at a size of 1.78cm3.  
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Figure 6.1 TEM images of a) dot shape with 7 min and b) and c) rod shape with 5 min 
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Figure 6.2 Experimental and reference XRD (vertical line: JCPDS 46-1210) patterns 

of SnTe a) QD and b) rods with 7min 

 

Figure 6.3 IR absorption spectra of SnTe a) QDs, b) rods with 7min and c) rods with 

5min 
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Continuous Synthesis of Shape-Controlled 

SnTe Nanocrystals  

Hyung Dae Jin and Chih-Hung Chang* 

 

Supporting Information 

 

Materials. Tin (II) chloride (anhydrous, 99% min, Alfa), and tellurium powder 

(200mesh, 99.8%, metal basis) were purchased and used without further purification. 

Trioctylphosphine (technical grade, Aldrich), and oleic acid (technical grade, Aldrich) 

were purged with nitrogen gas for 30minutes to remove oxygen. 

 

SnTe  synthesis. 

Precursor of Te: 1.4 mmol/ml was made with Te powder and TOP and then this 

mixture was stirred at around 120°C for several hours to give a clear solution of 

TOPTe. 
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Precursor of Sn: Powdered SnCl2 was added to TOP and OA to make a 0.45 mmol/ml 

solution.  This mixture was stirred at around 120°C for several hours until the mixture 

clearly dissolved and the color turned to pale white. 

Synthesis of SnTe: Sn precursor was pumped into a mixer with a flowrate of 0.25 

ml/min and the TOPTe precursor was pumped into the mixer with a flowrate of 0.1 

ml/min at the same time. The reaction time was controlled by length of polymer tubing 

in a hot silicon oil bath and the temperature was held between 170°C and 180°C as 

well as between 180°C and 190°C.  

 

Purification process 

After the reaction excess MeOH was added to wash and precipitate the nanocrystals, 

followed by centrifugation at 5000rpm for several hours. The supernatant was 

discarded and then the nanocrystals were redispersed in either toluene or chloroform. 

 

Characterization of materials 

Transmission Electron Microscopy (TEM): a low resolution image was taken on a 

Philips CM-12 operating 80KV and a high resolution image was taken on a FEI 

Tecnai G2 operating at 200KV. NPs were dropcast out of toluene solution on carbon 

coated 300-mesh copper grid. To calculate NPs size, ImageJ program was used. 
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X-ray diffraction (XRD): the phase and the crystallographic structure were 

characterized with Kα radiation (Discover D8 operating at λ=1.54nm). A glass slide 

was used as a substrate. 

Energy Dispersive Spectroscopy (EDS): The composition was measured (EDS built in 

FEI Quanta 600F)  

UV-visible and IR analysis: QDs were dispersed in chloroform and were analyzed 

using a JASCO V-670 spectophotometer. 
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Figure S6.1 Schematic diagram of microreactor 

 

Figure S6.2 Size distribution of SnTe QDs 
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Figure S6.3 Experimental and reference XRD (vertical line: JCPDS 46-1210) patterns 
of rod shaped SnTe with 5min 
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The simulated SnTe powder XRD patterns were obtained by using CaRIne 

Crystallography 3.1 program.  

a) 

 

b) 

 

Atomic Coordinate 

 

Figure S6.4 a) Crystal structure (Fm3m, a=6.327), and b) simulated XRD. 
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a) 

 

 

b) 

 

Figure S6.5 Sn:Te ratio of SnTe with 7 min a) QDs, and a) Rods  by EDS data 
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Figure S6.6 IR spectra of surfactants into chloroform and chloroform 
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Figure S6.7 HRTEM images of rod shape 

 

Figure S6.8 TEM image of rod shape with 7min reaction time 
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CHAPTER 7. Solar cells based on different colloidal CIS nanocrystal size 

 

Hyung Dae Jin, Wei Wang, Chih-Hung Chang* 
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Copper ternary chalcogenide compounds like Cu(In,Ga)Se2 (1.04eV-1.6eV), and 

Cu(In,Ga)S2 (1.53eV-2.5eV) are some of the promising candidates for solar cells 

because of superior optical and electronic properties as well as environmentally 

friendly materials.1 Even though crystalline Si-based technology has thus far 

dominated the industry, Si is an indirect bandgap material and requires high 

temperature and high vacuum for high purity.2 High efficiency  PV devices are usually 

obtained by high vacuum and high temperature processes. To overcome this cost 

limitation, efforts have been made to convert to alternative nonvacuum processes such 

as a nanoparticle solution-based technique, electrochemical deposition, and spray 

pyrolysis.2 Organic PV is considered a promising candidate due to low cost, low 

specific weight, and good flexibility. A major limitation is partial absorption because 

the polymer active layer is usually very thin; transmittance of incident light is around 

60-70% of the solar spectrum.3 Chalcogenides have such higher absorption 

coefficients that thin layers can absorb a significant fraction of the incident solar 

radiation.2 Colloidal inorganic based PV has not only all of the primary advantages of 

organic PV like easy scale-up, low cost, and an ability to be processed in solution but 

also the broadband absorption and significant transport properties. NPs can be tuned to 

optimize absorption of the solar spectrum by size control due to the effect of quantum 

confinement. To compete with silicon researchers must lower the cost per unit area 

because the efficiency of this technology is lower.4  

Here we describe the structural, optical, and electrical properties of uniform CIS 

films made by deposition of different sizes of QDs. CIS QD synthesis was carried out 
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using CuCl (copper (I) chloride) and InCl3 (indium (III) chloride) dissolved in a 

mixture of tri-n-octylphosphine (TOP) and oleic acid (OA) and selenium powder 

dissolved in TOP (TOPSe) as precursors. It comprised an inner microtube to precisely 

control the injection of TOPSe into a larger diameter tube that CuCl and InCl3 mixture 

was pumped through.5 We are successfully able to control CIS size by surfactant 

effects.6 Surfactant affects the nucleation stage because of different bonding strengths 

and steric effects. TOP strongly suppresses the formation of nuclei whereas OA can 

boost the formation of nuclei. We used 1.3 nm and 1.7 nm radii CIS both of which are 

much smaller than the 10.6 nm Bohr exciton radius (Figure 1 and Table 1).7 The 

quantum-confined bandgaps of these QDs are 1.3eV and 1.2eV, respectively (Figure 

2a). Figure 2b shows the XRD spectrum of QDs from the continuous flow 

microreactor. This diffractogram matches the expected trace for CuInSe2 (JCPDS 40-

1487). TGA was utilized to scrutinize the product properties shown in Figure 2c.8 The 

low-temperature weight loss curve (200°C - 300°C) indicated the loss of TOP ligand. 

The high-temperature weight loss curve (400°C - 450°C) indicated the loss of OA 

ligand. Organic weight difference is almost 7% between two particles. At 

approximately 450°C, the weight loss tapers off. TGA data showed that at least 500°C 

was needed to remove the ligands. PV devices were fabricated with CIS ink dispersed 

in toluene by drop-cast method (Figure 2d) with a layered structure made up of 

Mo/CIS/CdS/ZnO/Ag.9 The absorber films were selenized at 300, 400, and 500°C to 

determine impurities and grain size influences associated with efficiency. Scanning 

electron microscopy (SEM) top and cross-sectional images (Figure 3) show film 
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morphologies deposited by particles 1 and/or 2 selenized at 400°C and particles 1 

selenized at 500°C. The decrease in carbon impurity in the device made by particles 1 

was 40% compared to the device made by particles 2. This results from coordinating 

ligands difference. The power conversion efficiency (PCE: η) increased twofold as a 

result of the less carbon impurity (Table 2). In order to increase packing density, a 

mixture of both particles was used to deposit the film. PCE had the lowest efficiency 

among devices selenized at 400°C, which could come from the different ratio of 

ligands or different CIS quality. High selenization temperature also affected the 

efficiency because it can make the grain size bigger. In general, large grain size can 

minimize recombination effects.10 The power conversion efficiency increased 

threefold as a result of the larger grain size. Figure 4 shows the PV maximum response 

of a typical device having an open-circuit voltage (Voc) of 118.16 mV, a short-circuit 

current (Jsc) of 1.49 mA/cm2, a fill factor (FF) of 26.12, and a PCE (η) of 0.046% 

under AM 1.5 conditions.11  

In conclusion, PV devices were fabricated with different size QDs to determine the 

influences of impurities and grain size according to selenization temperature. Films of 

different size CIS nanocrystals used as the absorber layer in conventional 

Mo/CIS/CdS/ZnO/Ag devices gave a PCE of about 0.046%.  Some of the ways to 

increase efficiency are to remove organic ligands adhered on particle surfaces and to 

perform a high temperature selenization leading to larger grain size. However, further 

study is needed regarding devices deposited by a mixture. The efficiency of these 
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devices is low and further optimization of the fabrication will be required to increased 

PV efficiency. 
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Figure 7.1 TEM images of CIS QDs. a) sample 1 (median size: 2.61nm, N=896), b) 

sample 2 (median size: 3.46nm, N=317), and c) represent high resolution TEM images 

of sample 2 at 8min residence time. 
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Figure 7.2 a) UV-Vis-NIR absorbance spectrum of CuInSe2 QDs in chloroform, b) 

reference XRD (vertical line: JCPDS 40-1487) and experimental patterns of 

continuous process at 8min reaction time, c) TGA results and d) drop cast reservoir. 
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Figure 7.3 SEM top and side view and EDX. a) 400°C, particle 1, b) 400°C, particle 

1+2, c) 400°C, particle 2 and d), e), f) 500°C, particle 1 
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Figure 7.4 Current-voltage characteristics of a CIS nanocrystal PV device 
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Table 7.1 Characteristics of CIS QDs. acalcuated from Image J. bobtained from TGA. 

cobtained from EDS. dSe precursor dissolved in mixture of TOP and OA(3:1 volume 

ratio) used. 

 

 

Table 7.2  Devices performances in accordance with different fabrication conditions 



133 

 

CHAPTER 8. Conclusions and Future works 

 

Conclusion 

 

In this dissertation, we have developed new synthesis ways using a continuous flow 

system to catch up with market demand of nanocrystals (NCs), as they are one of the 

promising building blocks for superior optical and electronic applications. This 

continuous flow system set up is very simple design using all commercially available 

low cost components and these processes simply used metal halide precursors 

dissolved either in aqueous solvents or organic solvents and is capable of synthesizing 

highly monodispersed NCs. 

Gold nanoparticles are obtained by a reducing reaction with sodium borohydride. 

Production of Au11 nanoclusters was achieved using a layer-up strategy which 

involves the use of microlamination architectures; the patterning and bonding of thin 

layers of material (laminae) to create a multilayered micromixer in the range of 25-250 

µm thick. Continuous production of highly monodispersed phosphine-stabilized Au11 

nanoclusters at a rate of about 11.8 [mg/s] was achieved using a microreactor with a 

size of 1.687cm3.   

CuInSe2 nanoparticles are obtained by organometallic synthesis. We have 

scrutinized kinetic mechanism of CuInSe2 QDs for the development of a continuous 

flow process for their synthesis. It was found copper-rich CuInSe2 with a sphalerite 

structure was formed initially. More ordered CuInSe2 was formed at longer reaction 
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time along with the formation of Cu2Se and In2Se3. Surfactants affects the nucleation 

stage because of different bonding strength and steric effect. TOP strongly suppresses 

the formation of nuclei whereas oleic acid can boost the formation of nuclei. The 

ligand effect on the monomer plays an important role in controlling size and 

production rate as well. 

The first continuous synthetic route to control shape of SnTe by temperature was 

successfully developed in which SnCl2, and TOPTe are used as reactants and OA and 

TOP are used as solvents. The NCs exhibit a rod shape with dimensions of 15 to 25 

nm wide and 50 nm to 70 nm long and a monodispersed dot shape with sizes around 3 

nm. For the formation of rod shapes, the nucleation rate should be restrained and the 

growth rate should be stimulated.  

With these NCs, we fabricated the photovoltaics by the drop cast method. PV 

devices were fabricated with different size QDs to determine the influences of 

impurities and grain size according to selenization temperature. Films of different size 

CIS nanocrystals used as the absorber layer in conventional Mo/CIS/CdS/ZnO/Ag 

devices gave a PCE of about 0.046%.  Some of the ways to increase efficiency are to 

remove organic ligands adhered on particle surfaces and to perform a high temperature 

selenization leading to larger grain sizes. 
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Future works 

 

The continuous flow solution-based systems have a lot of advantages like a low cost, 

simple set up, less generation of undesired products, and easy kinetic control due to 

efficient mass and heat transfer. We achieved mass production of gold nanoparticles 

using high flowrate up to 100ml/min which is a reducing reaction at room temperature. 

The gold nanoparticles were characterized by 31P and 1H NMR spectroscopy, UV-vis 

absorption spectroscopy, thermogravimetric analysis (TGA), X-ray photoelectron 

spectroscopy, transmission electron microscopy and mass spectrometry. Both gold 

nanoparticles such as Au11(PPh3)8Cl3, and Au11(PPh3)7Cl3 phosphine-stabilized 

undecagold nanoparticles coexisted. Either a separation or a delicate synthesis route 

could be required to get pure gold nanoparticles. 

Organometallic compounds like CuInSe2 and SnTe can be synthesized by 

transferring from a batch process to a continuous flow system. However, one of the 

shortcomings of the continuous system is relatively slow flowrate even though the 

production rate is improved compared to batch process. Another problem is that it is 

hard to separate the nucleation step from the growth step due to the use of an oil bath 

as the heat source. In order to improve this process, either scale up of continuous flow 

system or an increase in flowrate is required. The easiest way to scale up might be to 

use a bundle of a unit of the continuous flow system. Different heat sources could be 

used to divide the nucleation step from the growth step very effectively. 
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The devices in this study were selenized for 1hr only. Several selenization 

conditions could be necessary to evaluate the influence of this process. Dispersed 

particle concentration, various solvents to disperse and to control evaporation time and 

other parameters must be explored for better performance. The efficiency of these 

devices is so low that further optimization of the fabrication is required to increased 

PV efficiency. 
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