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Abstract 
Daily life is strongly dependent on technologies provided by satellites orbiting Earth. This dependency 

has a strong inconvenience as unprotected satellite infrastructure is vulnerable to a vast array of 

threats. These threats arise from both the natural space environment and artificial sources. Several 

ideas for satellite protection systems have been brought forward. However, most of these systems 

are limited by the extreme conditions and distances present in space.   

American defense and technology company Raytheon suggested the use of novel nanomaterials for 

satellite protection: quantum dots were suggested as a means of spectral decoy to divert rocket 

attacks, yet never found industrial application, to our best knowledge. A reason might be that those 

advanced nanomaterials are not long-term stable under the forces exhibited on a flying object. 

Therefore, an on-board (in-situ) real-time synthesis of quantum dots on a satellite is proposed. A 

microchip is considered because of its capability of fast, compact synthesis. Though, some 

fundamental challenges need to be solved for the task given here, as compared to a normal 

microfluidic chip-based synthesis. These challenges are introduced by moving chemical synthesis to 

space and include the microgravity and vacuum present in space, a strict weight limit, and the required 

system autonomy. Furthermore, the synthesis has to be accomplished in less than 180 s, which 

amounts to a typical time which a rocket needs to reach the satellite from the ground. Lastly, the 

quantum dots need to be tailored in the type of material and size to replicate the spectral signal of 

the to-be-protect space asset. 

As a start, a cadmium selenide (CdSe) synthesis, which is the golden standard in quantum dot 

literature, has been chosen and the aim was to simplify and tailor it to the above needs. With this 

motivation, the produced quantum dots were characterized by their wavelength emission graphs and 

high-angle annular dark-field scanning transmission electron microscopy (HAADF STEM) images. It was 

concluded that the chosen CdSe-based synthesis was unable to reach infrared (IR)-emitting sizes 

within several minutes while meeting the other research targets. Accordingly, the lesser-studied lead 

selenide (PbSe) synthesis was approached to reach the spectral signature needed. The batch synthesis 

proved successful and the feasibility of the synthesis was demonstrated within a ‘microbatch’ chip 

with a volume of only 200 μL, with the aid of microchip heating. This mock-up version of the to-be-

designed microchip heated and processed microvolumes quickly yet showed reproducibility issues. It 

is argued that these issues arise from the lack of active mixing: only natural convection arising from a 

change in fluid temperature and density ensured fluid movement here on Earth. A change in density 

will not result in mixing in a microgravity environment.   

Therefore, a concept for fluid flow in a microchip under microgravity was developed. That design 

principle was expressed as capillary and pressure-driven flow elements employing both micro- and 

nanochannel geometries for precise flow control. Incorporating active flow will allow 

compartmentalization of the reaction scheme, increase overall reaction efficiency, and increase space 

relevance. The reaction conditions within this chip will be set by microheaters. Furthermore, a gas 

storage compartment will be employed such that the vacuum of space can be used to allow for light-

weight and efficient fluid movement, reducing the need for heavy pumps: valves open and the vacuum 

of space will suck the liquid through the chip. Overall, the microchip is tailored to produce 70 μL PbSe 

quantum dots within 180 s with a reaction time of 50 s at a temperature of 100°C. It is currently in 

production and has yet to be tested.  
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1. Introduction 

1.1. Satellite protection 
A satellite is a planet, moon, or machine that orbits a star or planet. For example, the Moon is a 

satellite of the Earth, and the Earth is a satellite of our Sun. However, the word satellite usually refers 

to a machine orbiting Earth. These machines have proven to be extremely useful and the resulting 

technology is strongly interwoven with daily life. These satellites have allowed great advancements in 

e.g. communications, business, entertainment, and espionage. Therefore, it is essential to address the 

vulnerabilities of these machines and develop suitable protection systems. Unprotected satellite 

infrastructure is vulnerable to a vast array of threats. This includes threats from the natural space 

environment, but particularly those from an artificial source such as cyber-attacks, directed energy 

weapons, and physical attacks1,2.  

One of the most criticized satellite attacks was achieved by China in 2007 when they successfully 

destroyed their LEO satellite with a kinetic kill anti-satellite missile (ASAT)3. This raised the question of 

‘space superiority’ once again and an increase in ASAT tests has been noticed in the past decade. This 

testing peaked with India showing its ability to reach space by mission Shakti back in March 2019; the 

mission shot down a test satellite at 300 km distance within 168 seconds after launch4.  

Designing a proper countermeasure system is thus important and several ideas have been brought 

forward. However, most of these systems are limited by the extreme stand-off range, the anaerobic 

space environment, and high target velocity. A novel decoy based on a dispersion of quantum dots 

was suggested some time ago5. These materials are highly emission-tunable and are capable of 

recreating a satellite spectrum, thus allowing for deceiving an incoming missile tracker. Employing a 

nanosatellite constellation containing quantum dots could overcome these problems: quantum dots 

do not require oxygen to operate, can be dispersed near the to-be-protected satellite, and can 

immediately mimic the satellite’s radiation signature.   

Quantum dots, however, give rise to a new set of problems. Nanocrystalline dots are, for example, 

prone to aggregation due to the difficult stabilization of the suspensions. Furthermore, many of the 

materials used are sensitive to oxidation from any remaining oxygen6. These problems have to be 

overcome to successfully design a satellite protection system. Any change in quantum dot size, 

structure, or morphology will render such an electro-optical countermeasure system useless.  

This thesis, therefore, investigates the in-situ and real-time production of quantum dots in space. 

Moving the quantum dot synthesis from Earth to space overcomes the previously mentioned 

problems and will result in more accurate and effective replication of spectral signatures. However, 

space synthesis is wholly different than a synthesis here on Earth. Moving a synthesis to space means 

one has to overcome limitations imposed by microgravity, the vacuum of space, a strict weight limit, 

and required system autonomy. To this extent, two types of quantum dot materials are investigated 

in this thesis. 

Furthermore, a microchip synthesis is considered in this dissertation because of its capability of fast 

and compact synthesis. Yet, several fundamental problems have to be solved to reach the ultimate 

goal of an in-situ and real-time quantum dot production in space. This as many limitations are set by 

the operating environment. One example of such an engineering limitation set by space is that regular 

pumps are far too big and heavy and a robust pump-free fluid motion has to be realized. Several 

solutions are proposed and investigated concerning engineering problems associated with the change 

in the environment.  
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1.2. Novel process windows and process intensification 
As one can imagine, space processing makes use of process conditions that are far from conventional 

practices. Therefore, space can be considered to be a novel process window. Consequently, it is 

preferred to strongly intensify the used syntheses and equipment to minimize the weight and size 

requirements while boosting synthetic chemistry efficiency. Several modern devices and ideas provide 

the ability to achieve process intensification, yet a microreactor is of interest in this thesis.  

The advantages of employing micro technology include a strong decrease in diffusion paths for heat 

and mass transfer, a high surface-to-volume ratio for phase contact areas, and many more. Using a 

micro synthesis can thus result in shorter residence times and narrower residence time distributions, 

faster and more efficient mixing, strongly enhanced heat transfer and of course improved reaction 

safety; microvolumes result in microproblems when things go wrong. This superior processing is 

necessary for operating in a novel process environment such as outer space.   

The two fundamental pillars of moving to novel process windows are those of chemical intensification 

and process-design intensification7. The first term stands for the use of highly unusual and intensified 

process conditions, whereas the second pillar includes process simplification and integration. This is 

schematically shown in Figure 1. Both of these pillars can be considered of the uttermost importance 

for this thesis and will be thoroughly explored and discussed herein. 

Such process enhancement is not just of interest for this thesis but can be applied to many chemical 

processes. Microtechnology allowed the safe and more efficient production and use of e.g. phosgene, 

ozone, and peroxide-based syntheses8–10. These compounds are usually considered dangerous to 

handle: phosgene is highly poisonous and found use as a chemical weapon during World War I, ozone 

is a powerful oxidant and forms a significant explosion hazard, while peroxides find use (among many 

other uses) as initiators for radical polymerizations. The exact values of improvement for these 

syntheses resulting from such process enhancements are not of interest in this thesis but the 

possibilities created by such novel technology are delightful.  

 

 

  

Figure 1: A schematic representation of the definition of Novel 
Process Windows. Retrieved from Hessel et al. 
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2. Background of the study 
The human need for exploration has led to the continuous pushing of technological frontiers. One 

such breakthrough was the start of space exploration with the launch of Sputnik 1 at the end of 1957. 

Space exploration has led to the development of various technologies that are considered 

indispensable in contemporary society such as GPS, satellite communication, accurate weather 

predictions, and satellite TV to name just a few. Moving research to a space environment provides a 

unique laboratory setting enabling great advancements that are not possible here on Earth. The 

International Space Station is a fantastic example of such a space laboratory.   

The importance of space assets can be seen by, for example, checking the need for satellites. Quick 

communication would be impossible without a network of active satellites. Workers in remote areas 

would find themselves isolated from the rest of the world. Contacting international colleagues would 

be more difficult. The failure of secure satellite systems would leave governments vulnerable to some 

extent. The loss of part of the GPS would severely hinder traveling. Considering GPS depends on highly-

accurate time signals, the loss of satellites would indicate a loss of accurate timing used in worldwide 

infrastructure. The loss of accurate weather predictions would hinder traveling in the short run and 

farming in the long run, making it more difficult to predict weather phenomena such as storms and 

droughts11. Moreover, space provides many business opportunities and it has become more 

commercialized12–14. The commercial sector not just supplies required products but also provides 

launches and human spaceflight (e.g. Boeing & Space-X). Many military operations also rely on space 

capabilities. This includes but is not limited to navigation, identification, reconnaissance, secure 

communication, and missile warning15–17. 

Space technologies are thus strongly interwoven with life, spanning the whole spectrum anywhere 

from daily activities, such as the weather predictions, to disaster response by emergency services and 

the military. As of March 2019, there are more than 2,000 active satellites in orbit, operated by over 

60 countries and several multinational organizations18. The number of objects in orbit continues to 

increase with the ever-decreasing cost associated with reaching space and the strategic advantage it 

provides19–21. 

It is important to start considering the vulnerabilities of space assets, which hazards are present, and 

how to mitigate these hazards. Threats to space assets, in particular satellites, include those from the 

natural space environment such as solar storms, while others result from an artificial source e.g. cyber-

attacks, space debris, directed energy weapons, and physical attacks from hostile countries1,2,22. No 

unique countermeasure system can protect against the complete spectrum of threats. Innovative and 

specialized protection means have to be designed. This thesis emphasizes and researches a solution 

to the latter; physical attacks. 

One such physical attack manifests as an X-to-space missile where X indicates surface, air, or space. 

These anti-satellite (ASAT) weapons have been of great interest for decennia. The first successful 

satellite hit reported was in September 1985, launched from an F-15 fighter jet23. Roughly 20 years 

later, in January 2007, China successfully shot down one of its defunct weather satellites. This ASAT 

test received much criticism as the collision created a significant amount of trackable space debris 

predicted to remain in orbit for decades3,24. The question of ‘space superiority’ was raised once again 

and an increase in successful ASAT tests has been noticed in the past decade. The USA reportedly shot 

down one of their defunct reconnaissance satellites in early 200825, Russia took down one of their 

satellites in November 201526, and India showed its ability by mission Shakti back in March 2019, 

claiming the mission only took 168 seconds4. 
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Several countries have thus shown their technological capabilities and can attack space. Research has 

been done regarding active and passive satellite protection. For example, F. Cristini researched an 

active protection system that mitigates threats via a network of microsatellites, as shown in Figure 

227. These satellite networks would require to be as less threat-sensitive as possible and have the 

ability to automatically reconfigure themselves in case of satellite losses from a real attack. 

Nanotechnology has also been discussed and suggested as a way to promote passive satellite 

protection28. Carbon nanotubes membranes can reflect and disperse thermal and electrical energy 

from directed energy weapons (lasers) and provide a protective satellite coating29. Another proposed 

technique relies on the low refractive index of a void inside hollow silica particles to promote energy 

scattering28,30. 

As previously mentioned, this thesis researches a protection system against physical attacks embodied 

in the form of ASAT missiles. It is important to understand the detection mechanism used by such an 

incoming attacker to intervene with detection and avoid destruction. Several types of precision 

targeting mechanisms exist such as incorporated satellite navigation, laser guidance, high-definition 

radars, and advanced radiation-seekers (e.g. infrared)31. Again, no unique countermeasure system can 

protect against the complete spectrum of threats. Specialized countermeasure systems have to be 

designed. An infrared decoy will be of interest to this thesis. 

  

Figure 2: (a) Diagram of a satellite protection network with protection satellites swarming the to-be protected satellite. 
 (b) Diagram of a network of protection satellites in co-orbit with the to-be protected satellites. ISL = inter-satellite link, P/L 
satellite = payload satellite. Retrieved from F. Cristini. 

(a) (b) 
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2.1. Quantum dots as an optical decoy 
Heat-seeking missiles have been highly effective in target acquisition and annihilation in the past32. 

Various methods for protecting atmospheric assets against these threats exist. For example, 

pyrotechnic compositions based on magnesium, Teflon, and Viton (MTV-flares) act as IR-decoy 

flares33–35. However, their capability to generate intense blackbody radiation signatures is inhibited by 

the anaerobic space environment, rendering combustion-based decoys undesirable. Another method 

suggested is an IR radiation-seeker missile jammer32. However, this active defensive system has severe 

limitations due to the extreme standoff range of 100 – 1000 km and high target velocity36,37. Huang et 

al. proposed a combination of quick maneuvers with the deployment of IR-decoys as a viable defense 

strategy38. Quick and erratic maneuvers can be considered extremely difficult in space, especially 

when the space asset is autonomous. A patented idea from Raytheon overcomes these problems by 

the dispersion of a cloud of quantum dots with electro-optical properties tailored to the to-be-

protected asset5. It encompasses a passive countermeasure tailored to the to-be-protected space 

asset made to deceive and dazzle the incoming attacker. 

These quantum dots are nanometer-sized particles whose geometric nanocrystal radius is smaller 

than the Bohr exciton radius of the corresponding bulk material, giving rise to the quantum 

confinement effect for the exciton6. The Bohr exciton radius is the average distance between the 

electron in the conduction band and the hole in the valence band where it originated from. The 

extremely small size of colloidal quantum dots makes that the energy levels of the exciton are 

quantized rather than continuous due to confinement in three spatial dimensions. The quantum 

confinement effect allows size-tunable dot emissions6,39. Figure 3 shows a schematic overview of the 

quantum confinement effect and the high size-tunable emission of CdSe40,41. A replica of almost any 

given spectrum can, in theory, be achieved by a proper combination of quantum dots. 

The idea patented by Raytheon is a promising technology for satellite protection, yet it has several 

issues in need of fixing before it can be successfully applied in the real world. The Raytheon patent 

and its corresponding problems will be discussed in more detail in the following section. This thesis, 

therefore, focuses on the development and improvement of an electro-optical satellite protection 

system against IR-based physical attacks.  

Figure 3: (a) Increasing bandgap energy with decreasing nanocrystal size due to the quantum confinement effect. Retrieved from Sigma-
Aldrich. (b) Size-tunable emission of CdSe where an increase in particle size leads to a decrease in wavelength energy (red shift). Retrieved 
from Smith et al. 

(a) (b) 
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2.2. Raytheon patent 
One such embodiment of an optical decoy system for protecting space assets from missile attacks is 

proposed and patented by American defense and technology company Raytheon5. It is a decoy based 

on carefully selected quantum dots able to emit a radiation profile similar to the to-be-protected 

satellite/asset. This concept thus tricks optic-based missile seeker heads. Raytheon claimed the 

following;   

“A countermeasure system according to an embodiment of the present disclosure utilizes a 

decoy to trick a missile seeking an asset (e.g., a satellite) to seek the decoy instead of the asset. The 

decoy includes dispersed quantum dots. Quantum dots are nanostructures of semiconductor material 

between about 2 nm and about 80 nm in diameter. As the size (e.g., diameter) of a nanostructure 

approaches the Bohr-exciton radius for an electron in the bulk material, the electronic properties of 

the material change. The density of states of the quantum dot changes, which has a number of unique 

effects. First, it causes a “blue shift” in a bandgap of the bulk material, causing the quantum dots to 

emit radiation at a shorter wavelength than the bulk material and causing the emitted radiation to 

occur at a very narrow characteristic wavelength. The bandgap energy of a quantum dot is highly size-

dependent. This feature allows tuning of the electro-optical properties of the quantum dots to specific 

wavelengths. The energy spectrum of a quantum dot can be controlled by controlling the geometrical 

size, shape, and the strength of the confinement potential.” 

More specifically, Raytheon claimed a countermeasure system wherein the quantum dots are selected 

from the group consisting of InSb, PbTe, HgTe, CdTe, CdSe, CdS, and PbSnTe. Also claimed was a 

countermeasure system wherein the quantum dots are carried by a guardian satellite in spatial co-

orbit with the satellite. This statement suggests that the quantum dots are prefabricated on Earth and 

shot into space. The embodiment of this countermeasure system is shown in Figure 4. 

Prefabrication and long-term storage of quantum dots can result in an electro-optical decay of the 

dots and a decrease in the decoy capabilities of the overall system. This because IR-emitting nanodot 

materials are prone to oxidation from any oxygen remaining after atmospheric production42–44, 

changing the expected decoy emission behavior. For example, oxidation of PbSe leads to a reduction 

in particle size and an increase in size dispersion meaning the overall oxidized mixture exhibits a “blue 

shift” and broadening of the photoluminescence spectrum42. Furthermore, the difficult stabilization 

of colloidal quantum dot suspensions means an aggregation of nanocrystals is problematic to long-

term storage6,45,46. High-energy environments, especially during launch, promote aggregation of these 

colloidal mixtures. Therefore, an in-situ production of quantum dots is proposed to avoid these 

problems. 

  

Figure 4: Operational diagram of a deployment of a countermeasure system, 
according to an embodiment in the Raytheon patent. Retrieved from the 
Raytheon patent. 
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2.3. Growing nanocrystal quantum dots 
When growing nanocrystal quantum dots, it is important to consider the use and effect of chosen 

chemicals. The choice in the synthesis approach dictates the quantum dot size, size uniformity, 

composition, and shape. The creation of nanocrystals is most easily controlled by tuning macroscopic 

effects such as temperature and concentrations, but the outcome is strongly affected by the set 

microscopic conditions. Important choices for changing the microscopic conditions include balancing 

precursor reactivities, comparing ionic sizes, tuning ligand binding strengths, and so on6. Designing a 

new quantum dot synthesis is not part of the project goal, yet it is important to know the underlying 

principles of quantum dot formation. This section will, therefore, explain the basics of quantum dot 

formation. 

The most common route for synthesizing nanocrystalline quantum dots is through the colloidal route, 

which will be explained below. Several other novel QD-formation routes exist, such as the gas-phase 

synthesis. The main advantage of applying a gas-phase synthetic route over a colloidal one is the 

capability of employing a high-energy process environment (e.g. plasma), increasing possible material 

formulations. The possibility of high-energy environments exists due to the lack of need for organic 

solvents, meaning the temperature limit set by organic solvent boiling points is removed.44 

The colloidal synthesis route can occur via a classical and non-classical route. For simplicity’s sake, only 

the classical route will be discussed below. The classical colloidal route consists of three major 

happenings, as shown in the LaMer diagram, Figure 56 below: (I) monomer generation resulting in (II) 

nucleation followed by the (III) growth of seeds. The nucleation step is preceded by monomer 

generation from precursor(s) occurring at relatively high temperatures. At first, the monomer 

concentration increases due to precursor disassociation. The concentration increases until a certain 

critical concentration threshold has been reached. This supersaturation will lead to a ‘burst’ nucleation 

of seeds marking the nucleation event and lowering the overall monomer concentration. The 

remaining monomers will migrate to and deposit on the seed surfaces enabling the increase of crystal 

size6,47. Non-classical growth of nanocrystals deviates from classical growth in that particle growth 

includes Ostwald ripening and many other factors48.   

Figure 5: LaMer-Dinegar model of colloidal nanocrystalline quantum dot 
formation. Retrieved from Agrawal et al. 
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Factors affecting nanoparticle growth and morphology can be divided into primarily thermodynamic 

and kinetic factors. It is important to consider the difference in surface energies of the available crystal 

lattices to successfully distinguish between thermodynamic and kinetic control. Operating in the 

thermodynamically controlled reaction regime results in the domination of the physicochemical 

process of surface-deposited monomer diffusion from high-energy sites towards lower-energy sites. 

This occurs when the surface diffusion rate is higher than the monomer deposition rate and will lead 

to a decrease in the Gibbs free energy until the most thermodynamically favorable shape is achieved. 

This thermodynamic control occurs when the monomer concentration is drastically below the critical 

concentration and approaches the solubility limit. Kinetic growth control, on the other hand, occurs 

when the rate of monomer deposition is higher than the rate of surface diffusion and can result in 

more thermodynamically unfavorable shapes. Kinetic control occurs during syntheses were the 

monomer concentration after nucleation remains significantly higher than the solubility limit.49  

Another factor capable of heavily influencing the nanocrystal growth is the chemisorption of 

surfactants. Surfactants can act as surface capping agents resulting in deposition hindrance of 

monomers on surface facets containing these surfactants50. Adding surfactants thus leads to a 

decrease in kinetic activity on certain facets which in turn results in these capped surfaces obtaining a 

greater share of the total final surface area. Put more simply: adding a suitable surfactant leads to a 

decrease in particle growth yet increases morphology control. The previous statement implies that 

the thermodynamic and kinetic regime are not mutually exclusive but that an interplay of these 

regimes decides the ultimate quantum dot shape and size.  

The capping efficiency of a surfactant is mostly determined by its head group. Surfactant head groups 

are often Lewis bases whereas the metal atom sites on the nanocrystal facets can act as Lewis acids51. 

It is possible to rationalize ligand affinity and surface bonding by employing the HSAB principle. HSAB 

is an acronym for ‘hard and soft acids and bases’. This principle divides Lewis acids and bases over a 

degree of hardness. Hard acids and bases are molecules having a high charge to size ratio. Soft acids 

and bases are bigger species with lower charge states. Applying this theory to nanocrystal quantum 

dot growth can explain the effect and choice of certain surfactants: hard acids prefer electrostatic 

interactions with hard bases, whereas soft acids prefer soft bases52.  

Lastly, one can imagine it is impossible to grow a perfectly spherical particle due to the existence of 

several high-index facets with high surface-free energies. Yet an approximation of sphericity is 

common for the sake of analysis. 

2.3.1. Colloidal synthesis approach 
Several types of colloidal synthesis approaches exist. The three main approaches are those of a hot 

injection, the heat-up method, and a continuous injection. The biggest difference between these three 

methods lies in their combination and/or separation of the nucleation and growth event. The hot 

injection method uses a quick injection of a chalcogenide precursor into the metal precursor, leading 

to an instantaneous burst of nucleation. This instantaneous nucleation is due to immediate 

supersaturation resulting from injecting the second precursor. Hot injection thus results in a single, 

short nucleation event followed by a growth stage without much secondary nucleation6.  Narrower 

size distribution and more uniform particle morphology can be achieved by using this approach. 

Particle size monodispersity is not guaranteed by this burst nucleation as, during the nucleation 

period, nucleation simultaneously takes place with particle growth. The high supersaturation level 

thus promotes both the nucleation and crystal growth step during the ‘burst nucleation’ timeframe. 

Though, the quick monomer consumption at the start does suppress any additional nucleation as 

previously mentioned53.  
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Size distributions from hot injection methods tend to narrow over time. The growth rate for 

nanocrystal dots depends on many parameters, including their size. The temporal evolution of the 

size-dependent growth rate of nanocrystalline dots is negative54. This means the smaller particles 

grow quicker than larger particles. Defining the particle growth rate as the radius increment per unit 

time suggests the particle growth-rate curve indeed has a negative slope and the standard deviation 

decreases, as Figure 653 shows.  

The heat-up approach is a single-pot nanocrystal synthesis where all constituents are mixed before 

heating. Heating the mixed solution initiates nucleation and successive particle growth. Thermal 

degradation of the precursor into monomer ups the concentration, eventually reaching the critical 

nucleation concentration. There is an energetic barrier present that needs to be overcome to start 

seed nucleation. This somewhat separates nucleation from growth as the monomer concentration 

drops after the nucleation event. However, monomer creation continues during nucleation and is 

governed by the energetic barriers associated with both the disassociation reaction and other 

reactions that are specific to monomer creation. This continued monomer generation due to the 

sustained heating can lead to a longer nucleation event53,55. This thus leads to an overlap between the 

particle nucleation and growth stage and will result in broader size distribution and increased difficulty 

controlling the crystal size and shape. Establishing a temperature profile which is optimized towards 

the interplay of the precursor disassociation and particle nucleation events is essential when narrow 

size distributions are wanted.  

The third approach employs a controlled continuous injection of the chalcogenide into the metal 

precursor. This approach enables a single nucleation event followed by an extended nanocrystal 

growth regime allowing for larger particles while preventing Ostwald ripening, resulting in narrower 

size distribution. The continuous injection approach can be slowed down to such extent that a layer-

by-layer deposition is possible, resulting in highly uniform particles. This idea could also enable the 

creation of a bimodal particle size distribution by using a quick-slow-quick-slow precursor injection 

approach, thus forcing a second nucleation event. 

2.4. Space as a novel process window 
Moving chemical synthesis from well-known atmospheric conditions to the exo-atmospheric 

conditions found in space results in several challenges that have to be overcome. Several strict 

limitations imposed by the predicted synthesis environment thus strongly affect the ultimate reactor 

design. These challenges include:  

Figure 6: Time evolution of the number of particles and change in the 
standard deviation of the size distribution. Retrieved from Kwon et al. 
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Microgravity: Strongly decreasing gravitational field strength makes that non-gravitational 

effects become the dominating forces when handling liquids in space. Effects such as thermosolutal, 

phase-change, surface/interfacial tension, and electric/magnetic fields dominate convection56,57. The 

true gravitational acceleration experienced in a spacecraft varies with its location, acceleration, and 

rotation. Variability is also induced by altitude control maneuvers and vibrations from machinery56. 

This fluctuating microgravity environment severely decreases the reproducibility of chemical 

syntheses, making a gravity-reliant-batch synthesis undesirable. Furthermore, the strong decrease of 

natural convection increases required system complexity for, for example, heating larger volumes. 

Active mixing is necessary as a change in density does not induce significant motion as experienced 

on Earth. 

Temperature & pressure: The lack of natural convection due to vacuum in space means objects 

do not cool by thermal convection and conduction. Vacuum voids the use of outer-space as an external 

heat-sink. A decoy system will, therefore, experience significant temperature fluctuations. Though, 

internal conduction can occur and will decrease the maximum temperature fluctuations. Moreover, 

the vacuum of space forces many solvents to immediately start boiling as the absolute pressure is 

below vapor saturation pressure.  

 Weight: Moving chemistry to space drastically increases the overall decoy system operating 

price. Recent launch prices (2017) range from roughly 1,500 $USD per kg for the Falcon Heavy (SpaceX) 

to 3,000-4,000 $USD per kg for many of NASA’s cargo launchers58. Decoy system weight minimization 

is certainly required to suppress the overall cost.  

Limited human interaction: The decoy system is expected to be part of a small satellite meaning 

no humans are close-by for maintenance and activation. Furthermore, such a decoy system should be 

completely autonomous and fool-proof to ensure optimal decoy preparation and timing. 

These challenges strongly affect the decoy reactor possibilities and we propose to explore a pump-

free fluid transport mechanism as a key prerequisite to conducting synthesis in a small format and in 

real-time. Leveraging microflow synthesis for this kind of in-situ space manufacturing allows for 

circumventing the limitations imposed by the microgravitational environment. Surface effects 

dominate in microfluidic- and capillary circuit systems, giving rise to e.g. capillary rise. Employing 

microfluidics can significantly reduce overall weight as capillary effects remove the need for active and 

heavy pumps. In fact, the lack of gravity is an advantage in these microcapillary systems as the fluid 

rise is not limited by the gravitational body-force. Also, moving to the vacuum of space creates a 

pressure difference between the enclosed chip environment and the space environment, allowing for 

a weightless pumping motion. The temperature and pressure conditions in space limit the decoy 

system to be a stand-alone and autonomous system. Isolating the microchip and removing external 

influences increases the reproducibility of the quantum dot synthesis, ultimately strengthening the 

fool-proof nature of the required chip. A suitable and relatively simple quantum dot synthesis has to 

be found. Minimizing the number of reaction steps strongly decreases the necessary decoy chip 

complexity.   

Employing continuous flow system would allow for operation in a steady-state regime, increasing 

synthesis control and reproducibility. Furthermore, scaling down the overall reactor dimensions to 

micrometers increases the surface-to-volume ratio, enhancing heat and mass transfer, and thus allows 

for precise temperature control59,60. The benefits of moving to a microfluidic synthesis are (I) high 

surface-to-volume ratio, leading to (II) high heat and mass transfer, (III) efficient mixing, (IV) increased 

temperature control, (V) continuous production, and (VI) a decrease in reagent usage. Microfluidic 

devices can severely decrease the necessary reaction time and thus suit our proposed application. 
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They have been used in the past to produce quantum dots. For example, Tian et al.61 developed a 

novel microfluidic method to synthesize full-color emitting CdSe dots, they reported a good 

monodispersity while decreasing the amount of Cd used. Visaveliya et al.62 presented a microfluidic-

assisted reproducible synthesis of several fluorescent polymeric nanoparticles with tuned size and 

surface charge. Moreover, Kubendhiran et al.63 recently published a review about a microfluidic 

synthesis of semiconducting colloidal quantum dots and their applications. 

2.5. Microchip synthesis considerations 
As can be conceived from the discussion in Section 2.3, the nanocrystal quantum dot growth relies on 

many factors resulting from the rather complex mixture of precursors, monomers, solvents, and 

capping agents present in any given synthesis. It is difficult to predict the effect of certain reaction 

parameters in the nucleation and/or growth step. Considering both this and the goal of the project, a 

readily available quantum dot synthesis has to be found.  

The goal is to produce an anti-satellite missile decoy and is heavily time restrained. The goal of the 

synthesis should be to produce quantum dots which emit a wavelength the same as common 

atmospheric decoys, such as MTV flares (1,100 – 1,300nm). This because a trustworthy and exact 

satellite spectrum is currently unknown. Of course, once it is known it is important to change the 

approach to suit the ultimate goal. Though, this second change will most probably not happen during 

this Master thesis. 

A quantum dot reaction synthesis consists of several steps that one could consider to be alike batch 

experiments in series. These steps being: solvent preparation, precursor preparation, and quantum 

dot formation. Connecting these steps into a single system leads to a stepped-stopped flow. 

Translating the principles of a quasi-batch (or stepped-stopped flow) approach in the microchip to the 

more commonly published batch syntheses means one should consider mainly hot-injection methods. 

This judgment can be justified by the fact that the metal and chalcogenide precursor/monomers are 

prepared and heated in separate compartments followed by deposition into the final mixing chamber 

in which quantum dots will be formed. Both the injection and mixing are finite. This does not 

correspond with the continuous injection approach. Furthermore, the compartmentalization of 

precursors means the previously mentioned heat-up approach is not applicable.  

The strict time-limit, and the resulting need of a quick reaction, essentially favors a kinetically 

dominated reaction scheme over a thermodynamically favorable one. It is more important to quickly 

reach the correct particle size and emission than it is to optimize the quantum yield of each particle: 

an attacking missile will not wait in mid-air for the synthesis to complete. Combining this with the 

need microfluidic chip simplicity means we should search simple schemes with minimal additions of 

capping agents and other ligands. A synthesis in which the solvent acts as both a solvent and a capping 

agent seems to be a viable option. In case such synthesis does not exist or is incapable of reaching the 

goal, one could move back to the mentioned HSAB principle and introduce a less-fitting capping agent 

to induce capping agent competition between the two surfactants (or surfactant and solvent). This 

competition could lead to an overall increase in the misfit between the ligands and the surface. Which 

in turn should result in less steric hindrance and increase the surface deposition rate of monomers 

resulting in quicker particle growth. 
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3. Thesis layout 
The ultimate goal of this thesis is to successfully synthesize quantum nanocrystals using a microchip 

fit for space. The quantum dots should exhibit a predetermined emission spectrum to mimic a to-be-

determined satellite spectrum. 

This dissertation can be divided into roughly two main-sections, being:  

1. Synthesis and analysis of quantum dots: determining which synthesis the chip should be 

tailored to and what properties these quantum dots have; 

2. Design and engineering of the microchip: considering how to successfully incorporate the 

previously chosen reaction scheme on a microchip fit for space. 

The goal of this thesis is a fully functional microchip and can be considered far-fetched. Therefore, it 

is important to carefully define sub-goals and methodologies on how to achieve these goals. It is also 

useful to consider the limitations imposed by the predicted chip environment on the design criteria. 

As discussed in the introduction, such limitations mainly arise from operating in space: 

1. Microgravity: the lack of gravitational field in space forbids the use of any headspace in a 

chemical reactor; 

2. Low temperature & pressure: space presents strong temperature fluctuations. The chip will 

also need to operate in a complete vacuum; 

3. Minimize weight: space is expensive to reach and minimizing chip size and weight is thus of 

utmost importance; 

4. Limited human interaction: the microchip is expected to be part of a small satellite meaning 

no humans are close-by for maintenance and activation. Furthermore, such a decoy system 

should be completely autonomous and fool-proof to ensure optimal decoy timing. 

The following objectives should be achieved to reach the final and ultimate goal: 

1. Explore existing quantum dot synthesis schemes and simplify these to optimize chip 

applicability. This means the reaction scheme should consist of as few steps as possible while 

quickly reaching the desired wavelength emission spectrum; 

2. Research and test pumpless microfluidic actuation to significantly save weight on the final 

chip; 

3. Research and test passive microfluidic elements based on capillary or pressure fluid flow 

phenomena to drive the fluid through the chip. This further reduces chip weight and makes 

the chip more fool-proof by lowering the amount of moving elements; 

4. Research and test a method to successfully spray quantum dots into outer space; 

5. Engineer a chip tailored to the synthesis chosen at step 1. 

It is to be expected that the previously stated objectives are not reached in drafted order. One could 

consider the chip engineering part as an interplay between all engineering objectives, basically a 

continuous and integrated feedback loop. However, it is certain that the quantum dot synthesis has 

to be chosen before moving on to the novel chip design. 

The next section will introduce the required engineering and mathematical information. 
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4. Mathematical background 
Surface effects are the dominating effects in microfluidic and capillary circuit systems. Their extremely 

small channel and element sizes result in large area-to-volume ratios. Many of the chip features 

described and discussed in this report indeed depend on surface effects and flow through a pipe. It is 

important to understand why these effects occur. The following discussion will form the theoretical 

background of this report. It will start by explaining the origin of surface tension, move on to effects 

arising from said tension, after which flow through tubes will be described. The theoretical discussion 

is based on that provided by H. Bruus in his lecture notes “Theoretical Microfluidics”64 and the theory 

provided by Bird, Stewart, and Lightfoot65. The mathematical background will focus on the origin of 

surface effects and briefly describe the resulting equations for flow through pipes, this as a proper 

understanding of the forces in play will lead to a better understanding of what exactly is happening. 

References to extra information will be provided where necessary.  

4.1. Surface tension 
Firstly, it must be noted that the terms ‘surface energy’ and ‘surface tension’ are highly 

interconnected. Surface tension is defined as the ratio of the surface force 𝐹 to the length 𝑙 along which 

the force acts, seen as the force parallel to the surface and perpendicular to the contour separating 

the two subsystems. The units are thus 𝑁 ∗ 𝑚−1. Surface energy is defined as the energy difference 

between the bulk of the material and the surface of said material per unit area. Which gives the units 

𝐽 ∗ 𝑚−2. These units are intrinsically the same and this dissertation, therefore, assumes both terms to 

be the same for simplicity's sake.66  

Surface tension is of great importance when studying and designing microfluidic circuits. One of the 

easiest ways to visualize the origin of surface tension is the following: 

Assumed is an interface without thickness. A molecule in the bulk of a liquid experiences a balanced 

attractive force from all sides due to the relatively high particle density present in liquids. Moving this 

molecule to the surface of said liquid significantly lowers the attractive forces from the gas side as 

gasses possess a notably lower particle density. Accordingly, surface molecules experience a net 

attractive force towards the bulk of the liquid, creating a more densely packed layer of molecules. This 

surface layer of molecules acts as a thin film on the liquid. The collective of this unbalanced attractive 

force makes that a liquid assumes a shape that minimizes its area-to-volume ratio. A schematic 

overview is shown in Figure 764. 

The surface tension 𝛾 of an interface is defined as the Gibbs free energy per area for fixed temperature 

and pressure; 

𝛾 ≡ (
𝜕𝐺

𝜕𝐴
)

𝑝,𝑇
   Eq. 1 

[𝛾] = 𝐽 ∗ 𝑚−2 = 𝑃𝑎 ∗ 𝑚 Eq. 2 

  

Figure 7: Surface tension arising at a liquid-gas interface. Retrieved from H. Bruus. 
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4.2. Pressure across curved interfaces 
One of the consequences resulting from the existence of surface tension is the ‘Young-Laplace’ 

pressure drop across a thermodynamically equilibrated curved interface. A simplified derivation of 

this pressure drop is as follows: 

Assumed is a curved interface formed by two circles with radius 𝑅1 and 𝑅2, respectively. An 

infinitesimally small increase in radius, 𝛿𝑧, increases the circle circumferences 𝐶𝑖 by a factor of 

(1 +
𝛿𝑧

𝑅𝑖
) as shown; 

𝑅𝑖,𝑛𝑒𝑤 = 𝑅𝑖 + 𝛿𝑧 = (1 +
𝛿𝑧

𝑅𝑖
) 𝑅𝑖    Eq. 3 

𝐶𝑖,𝑛𝑒𝑤 = 2𝜋𝑅𝑖 (1 +
𝛿𝑧

𝑅𝑖
)    Eq. 4 

The area of an infinitesimally small surface encompassed by an infinitesimally small arc length of two 

circles can be approximated by a rectangle. The increase in area of this rectangle can be related to the 

previously determined expansion factor, as schematically shown in Figure 864; 

𝛿𝐴 = 𝛿𝑥 ∗ 𝛿𝑦 = (1 +
𝛿𝑧

𝑅1
) (1 +

𝛿𝑧

𝑅2
) 𝐴 Eq. 5 

Ignoring the effects of gravity results in two remaining contributions to the change in system energy. 

Applying the law of conservation of energy and considering the fact that an expansion of the system 

increases surface energy 𝐺𝑠𝑢𝑟𝑓  means that expansion goes accompanied by a decrease in pressure-

volume energy 𝐺𝑝𝑉, ultimately leading to a new equilibrium; 

𝛿𝐺𝑠𝑢𝑟𝑓 = 𝛿𝐺𝑝𝑉     Eq. 6 

𝛿𝐺 = 𝛿𝐺𝑠𝑢𝑟𝑓 − 𝛿𝐺𝑝𝑉 = 𝛾𝛿𝐴 − Δ𝑝𝛿𝑉 = 0 Eq. 7 

Inserting the previously determined equation for 𝛿𝐴 and assuming 𝛿𝑉 = 𝐴𝛿𝑧 gives; 

𝛾 (1 +
𝛿𝑧

𝑅1
) (1 +

𝛿𝑧

𝑅2
) 𝐴 − Δ𝑝 𝐴𝛿𝑧 = 0  Eq. 8 

Rewriting this equation and isolating Δ𝑝 results in the pressure drop given by the Young-Laplace 

equation; 

Δ𝑝𝐿𝑃 = (
1

𝑅1
+

1

𝑅2
) 𝛾    Eq. 9 

The Young-Laplace pressure drop gives rise to a higher pressure at the concave side of an interface, 

i.e. in the medium where the curvature centers are placed. This pressure difference also (partly) 

explains why the initial inflation of a balloon is difficult.  

Figure 8: Small displacement of a small section of a 
curved interface. Retrieved from H. Bruus. 
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4.3. Contact angle and wettability 
Another important concept to consider when designing microfluidic capillary circuit elements is the 

contact angle appearing at the line where three different phases meet. Adhesive forces between a 

solid and a liquid interface spread a liquid drop across a surface, while the cohesive forces within a 

liquid force the liquid to minimize its surface area. The contact angle 𝜃 is defined as the angle between 

the solid-liquid and the liquid-gas interface. This liquid-gas interface is interchangeable with a liquid-

liquid interface when two immiscible fluids are considered.  

The contact angle is determined by the surface tensions of the solid-liquid interface 𝛾𝑠𝑙, the liquid-gas 

interface 𝛾𝑙𝑔, and the solid-gas interface 𝛾𝑠𝑔. The contact angle and surface tensions are related via 

Young’s equation, which can be derived as follows: 

Assumed is an equilibrated droplet on a perfectly smooth, planar, and homogeneous solid surface. An 

infinitesimally small movement of the contact line over the solid substrate results in a change of 

interfacial areas proportional to +𝛿𝑙, +𝛿𝑙 cos 𝜃𝑌, and – 𝛿𝑙 for the solid-liquid, liquid-gas, and solid-gas 

interface, respectively. Figure 964 shows a schematic representation of this. The energy balance of this 

change reads; 

𝛾𝑠𝑙𝛿𝑙 + 𝛾𝑙𝑔𝛿𝑙 cos 𝜃𝑌 = 𝛾𝑠𝑔𝛿𝑙 Eq. 10 

Which can be rearranged to give Young’s equation by isolating cos 𝜃𝑌 in which 𝜃𝑌 is Young’s contact 

angle; 

cos 𝜃𝑌 =
𝛾𝑠𝑔−𝛾𝑠𝑙

𝛾𝑙𝑔
   Eq. 11 

Wetting and adhesion behavior of a surface can be optimized by changing surface topography. This 

system wettability can be divided into roughly two regions where systems with contact angles 𝜃 <

90° are considered hydrophilic and 𝜃 > 90° are hydrophobic. Complete wetting occurs at 𝜃 = 0° as 

the droplet turns completely flat. A subclass of superhydrophobic surfaces exists which displays 𝜃 >

150°. Superhydrophobic surfaces have very limited contact between the liquid drop and solid surface 

and explain the “lotus effect”; the self-cleaning property exhibited by the lotus leaf.  

Young’s equation relates the three system-specific thermodynamic parameters 𝛾𝑠𝑙, 𝛾𝑙𝑔, and 𝛾𝑠𝑔 to a 

unique contact angle 𝜃𝑌, the static contact angle. This contact angle often differs from the dynamic 

contact angle. A droplet running down over a slope has an advancing contact angle 𝜃𝑎 at the front and 

a receding contact angle 𝜃𝑟 at the back. The difference between these two angles is called hysteresis. 

However, this hysteresis effect is not considered in this dissertation as our proposed chip elements do 

not rely on free-flowing droplets. The effect of gravity on the flowing liquid is not considered here as 

will be discussed in the next section.  

Figure 9: Sketch of the contact line and the change in 
interface areas resulting from the advancing liquid 
front. Retrieved from H. Bruus. 
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The presence of a liquid phase gives a small difference in solid-surface energy between a two- and 

three-phase system. The solid-gas interfacial tension 𝛾𝑠𝑔 in Young’s equation is related to the surface 

tension of the pure solid, 𝛾𝑠, via the solid-gas equilibrium film pressure Π𝐸. Π𝐸 results from the 

adsorption of liquid-vapor on the solid surface, contributing to lower solid-gas surface energy and thus 

affecting the contact angle. This effect is only significant for wetting liquids having 𝜃 ≈ 10° and 

below67. Considering part of the to-be-designed microchip relies on capillarity implies a strongly 

wetting liquid is unwanted in these sections. Thus the assumption of Π𝐸 = 0 has been made in this 

dissertation for the equations employing capillarity. Equivalently, any vapor of the solid phase 

affecting the liquid-gas surface energy will be neglected such that 𝛾𝑙𝑣 = 𝛾𝑙 . 

𝛾𝑠𝑔 = 𝛾𝑠 − Π𝐸    Eq. 12 

The three described concepts of surface tension, Young-Laplace pressure, and contact angle are 

important for the correct understanding and application of capillary effects and resulting ideas. The 

next sections will describe several microfluidic effects and elements that are based on these 

fundamental concepts. 

4.4. Capillary length 
Ignoring the effects of gravity is only valid for small droplets and tube sizes. This range of sizes is limited 

by the so-called capillary length; 

Consider half of a perfectly spherical drop equilibrated on a completely smooth and horizontal surface. 

Now consider an imperceptibly small volume within that half-sphere. An infinitesimally small increase 

in droplet radius results in an infinitesimally small decrease in pressure experienced by this volume 

element; 

𝑝𝑖 = 𝑝𝑎𝑡𝑚 + Δ𝑝𝐿𝑃    Eq. 13 

Δ𝑝𝑇𝑜𝑡 = 𝑝1 − 𝑝2 = Δ𝑝𝐿𝑃,1 − Δ𝑝𝐿𝑃,2  Eq. 14 

Inserting Eq. 13 into Eq. 14 gives; 

Δ𝑝𝑇𝑜𝑡 =
2𝛾

𝑅1
−

2𝛾

𝑅2
    Eq. 15 

This increase in particle diameter is accompanied by an increase in droplet height and thus a change 

in gravitational potential energy of said volume element; 

Δ𝐹𝑔 = 𝜌𝑔Δℎ     Eq. 16 

The volume element has a negligible area and thus Eq. 15 and Eq. 16 can be equated resulting in Eq. 

17. Rewriting this gives Eq. 18; 

2𝛾

𝑅1
−

2𝛾

𝑅2
= 𝜌𝑔Δℎ  Eq. 17 

1

𝑅1
−

1

𝑅2
=

Δℎ

2(
𝛾

𝜌𝑔
)
   Eq.  18

Which has the dimension of 𝑚−1 on the left-hand side. From this, it can be deduced that 
𝛾

𝜌𝑔
 must have 

the dimension 𝑚−2 . And thus the characteristic capillary length 𝑙𝑐𝑎𝑝 has been surmised; 

𝑙𝑐𝑎𝑝 = √ 
𝛾

𝜌𝑔
     Eq. 19 

This is the characteristic length at which gravity strongly influences the shape of the liquid. It is now 

possible to infer that capillary rise happens in vertically standing microchannels whose sizes are 

smaller than 𝑙𝑐𝑎𝑝. For water-air interfaces on Earth at 20°C, this capillary length takes the value of; 
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𝑙𝑐𝑎𝑝
𝑤𝑎𝑡𝑒𝑟−𝑎𝑖𝑟 = √

0.0728

1000∗9.81
≈ 2.72 𝑚𝑚 Eq. 20 

This value depends on the gravitational constant and hence capillarity is stronger in weaker 

gravitational fields. E.g. the capillary length on Mars is 4.4 mm. On the Moon, it would be 

approximately 6.7 mm.  

The ratio of gravitational forces to surface tension forces is expressed in the dimensionless Bond 

number, where a value of 𝐵𝑜 = 1 indicates a tube with a radius equalling the characteristic capillary 

length. Gravitational effects may be neglected if 𝐵𝑜 ≪ 1. The value 𝑟 indicates a characteristic length 

scale (e.g. 0.002 m for a 2 mm wide cuvette).  

𝐵𝑜 =
𝜌𝑔𝑟2

𝛾
=

𝑟2

𝑙𝑐𝑎𝑝
2     Eq. 21 

  

Figure 10: Capillary pressure retaining water in a 2x10 mm quartz cuvette 
as seen from the (a) side and (b) back. 

(a) (b) 
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4.5. Capillary rise 
The next step in the theoretical discussion is to consider the calculation of capillary rise height. 

Capillary rise is observed when a narrow open-ended tube is dipped into a liquid. The liquid level inside 

the tube rises until an equilibrium is reached at height 𝑧 = 𝐻. The liquid curvature is assumed to be 

of negligible width and volume in the following derivation;  

Assumed is a vertically placed cylindrical microtube with radius 𝑟 ≪  𝑙𝑐𝑎𝑝  to promote capillary rise. 

The liquid-air interface will be spherical due to the tube’s perfect cylindricity. The two curvature radii 

are hence identical and thus; 

𝑅1 = 𝑅2 ≡ 𝑅 =
𝑟

cos 𝜃
    Eq. 22 

This interfacial curvature presents a Young-Laplace pressure drop Δ𝑝𝐿𝑃. The pressure right below the 

meniscus at 𝑧 = 𝐻 can be estimated as; 

𝑝𝐻 = 𝑝𝑎𝑡𝑚 − Δ𝑝𝐿𝑃 = 𝑝𝑎𝑡𝑚 −
2𝛾 cos 𝜃

𝑟
  Eq. 23 

The pressure in the center of the tube at 𝑧 = 0 is given by the summation of both the atmospheric 

pressure and hydrostatic pressure. The atmospheric pressure is used here because a flat surface does 

not show a Young-Laplace pressure drop. In fact, the disappearance of the Young-Laplace pressure for 

flattening surfaces proves that a perpetual motion machine as shown in Figure 11b is impossible. 

𝑝0 = 𝑝𝑎𝑡𝑚 + 𝜌𝑔𝐻    Eq. 24 

Combining and rewriting eq. 23 and eq. 24 gives the capillary rise height; 

𝐻 =
2𝛾

𝜌𝑔𝑎
cos 𝜃     Eq. 25 

This equation shows an inversional proportional dependency on both the gravitational field strength 

and tube radius. A tenfold decrease in tube radius would result in a tenfold increase in capillary rise 

height. Moreover, the capillary rise height in a zero-g environment would be unlimited as the 

gravitational force is unable to offset the capillary forces. Employing capillary rise as a driving 

mechanism for fluid movement in space offers possibilities for the circumvention of pumps, enabling 

a significant weight reduction of the overall system. Moreover, it is possible to calculate the capillary 

rise time allowing for near-perfect timing of microfluidic elements.  

  

(b) (a) 

Figure 11: (a) Capillary rise in a vertical round tube. Retrieved from H. Bruus. (b) An impossible “self-
flowing flask” as designed by Robert Boyle. 
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4.6. Navier-Stokes 
The to-be-designed microchip consists of several reaction steps and liquid will move from one stage 

to the next stage. This movement of liquid is governed by the Navier-Stokes equations of motion. The 

Navier-Stokes equations may be used to model the flow through the microchip and can aid in 

designing the chip. Several simplified problems have analytical solutions. In particular, the steady-

state solution of pressure-induced non-isothermal fluid flow in a tube is of interest. The most useful 

Navier-Stokes equations are those for incompressible fluids65: 

𝜌(𝜕𝑡𝐯 + (𝐯 ⋅ 𝛁)𝐯) = −𝛁𝑝 + 𝜂∇2𝐯 + 𝜌𝒈 + 𝜌𝑒𝑙𝑬  Eq. 26 

Of which we shall ignore the last two terms. The chip contains a heating element to make synthesis in 

the extreme outer-space cold viable and to optimize the reaction temperature. This significantly 

increases the difficulty of solving the Navier-Stokes equations. A proper description of the non-

isothermal flow of Newtonian fluids requires65; 

- The equation of continuity 

𝐷𝜌

𝐷𝑡
= −(∇ ⋅ ρ𝐯)      Eq. 27 

- The equation of motion 

𝜌
𝐷v

𝐷𝑡
= −∇𝑝 − [𝛁 ⋅ 𝛕] + ρ𝐠    Eq.  28 

- The equation of energy 

𝜌�̂�𝑝
𝐷𝑇

𝐷𝑡
= −(𝛁 ⋅ 𝒒) − (𝝉: 𝛁𝐯) − (

𝜕 ln 𝜌

𝜕 ln 𝑇
)

𝑝

𝐷𝑝

𝐷𝑡
  Eq. 29 

- The thermal equation of state  

𝑝 = 𝑝(𝜌, 𝑇, χ𝑎)      Eq. 30 

- The caloric equation of state 

�̂�𝑝 = �̂�𝑝(𝜌, 𝑇, 𝜒𝑎)     Eq. 31 

- Equations describing the density and temperature dependence of viscosity 

- Equations describing the density and temperature dependence of thermal conductivity 

Solving this extensive set of equations furthermore requires proper boundary and initial conditions, 

such as the often-assumed no-slip boundary conditions. Simple analytical solutions do not exist and 

numerical methods should be used for such detailed problems. These equations give detailed 

information about temperature, density, pressure, and velocity as functions of position and time. Yet, 

an even more extensive and correct simulation of the chip should include chemical reactions and all 

equations of change should be transformed into those for multicomponent mixtures. The reader is 

referred to the textbook written by Bird, Stewart, and Lightfoot65 for a more extensive review.  
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4.7. (Hagen)-Poiseuille flow 
An important class of Navier-Stokes solutions is those of steady-state, pressure-driven flows in 

channels. The Poiseuille flow equation, Eq. 32, allows calculation of the pressure drop arising from a 

Newtonian and incompressible fluid flowing in laminar fashion through long, straight, and rigid 

channels.  It is also assumed that the fluid behaves as a continuum and does not slip at the wall.  

Δ𝑝 = 𝑅ℎ𝑦𝑑𝑟𝑎𝑢𝑙𝑖𝑐𝑄  Eq. 32 

The assumption of long channels leads to a translational invariance in one of the axes (e.g. 𝑥-axis). 

Furthermore, assuming laminar flow implies that the velocity field in both the 𝑦- and 𝑧-direction is 

zero. The velocity field, therefore, only has a non-zero component in the 𝑥-direction, resulting in the 

pressure field only depending on the 𝑥-value;  

𝒗(𝒓) = v𝑥(𝑦, 𝑧)𝒆𝑥  Eq. 33 

Insertion of all assumptions and Eq. 33 results in a constant pressure gradient, implying that a linear 

relation between 𝑝 and 𝑥 exists. This relation can be described by setting two boundary conditions: 

one at the entrance and exit of the pipe. 

𝑝(0) = 𝑝0 + Δ𝑝   Eq. 34 

𝑝(𝐿) = 𝑝0   Eq. 35 

This results in the following linear relation; 

𝑝(𝑥) =
Δ𝑝

𝐿
(𝐿 − 𝑥) + 𝑝0  Eq. 36 

The resulting second-order partial differential equation from inserting these equations into the 

steady-state Navier-Stokes equation is elegantly solved by H. Bruus64. The following equations are the 

result of the flow rate of several different channel shapes, as shown in Figure 1264; 

𝑄𝑒𝑙𝑙𝑖𝑝𝑠𝑒 =
𝜋

4𝜂𝐿

𝑎3𝑏3

(𝑎2+𝑏2)
Δ𝑝 Eq. 37 

𝑄𝑐𝑖𝑟𝑐𝑙𝑒 =
𝜋𝑎4

8𝜂𝐿
Δ𝑝  Eq. 38 

𝑄𝑡𝑟𝑖𝑎𝑛𝑔𝑙𝑒 =
𝑎4√3

320𝜂𝐿
Δ𝑝  Eq. 39 

These three examples most are useful for meso/macroflow applications. This as microflow and lab-

on-a-chip systems often use other shapes. The most frequently encountered shapes are that of a 

rectangle and a Gaussian-like profile. A Gaussian-like profile resulting from e.g. laser ablation of PMMA 

is shown in Figure 1368.  

 

Figure 12: Definition of cross-sectional shapes for Hagen-Poiseuille flow. (a) Shows an ellipse, (b) describes 
a circle, and (c) is an equilateral triangle. Retrieved from H. Bruus. 
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The laser cracks the PMMA into MMA which in turn is evaporated. Moving the laser following a 

predetermined path leads to a network of microchannels. The Gaussian shape could, in certain cases, 

be approximated by assuming an equilateral triangular shape. 

A rectangular channel shape is the result from e.g. hot embossing and is shown in Figure 1469. The hot 

embossing process heats the polymer slightly above its glass transition temperature and then stamps 

the negative of a predetermined pattern into the polymer. Even though a rectangular shaped channel 

is highly symmetric, there is no exact analytical solution available. H. Bruus reported a flow rate Q of; 

𝑄𝑟𝑒𝑐𝑡𝑎𝑛𝑔𝑙𝑒 =
ℎ3𝑤

12𝜂𝐿
Δ𝑝 [1 − ∑

192ℎ

𝑛5𝜋5𝑤
tanh (𝑛𝜋

𝑤

2ℎ
)∞

𝑛,𝑜𝑑𝑑 ]  Eq. 40 

From which an approximation can be obtained in the limit of 
ℎ

𝑤
→ 0 (flat and very wide channel) of; 

ℎ

𝑤
tanh (𝑛𝜋

𝑤

2ℎ
) →

ℎ

𝑤
   Eq. 41 

𝑄ℎ

𝑤
→0

≈
ℎ3𝑤

12𝜂𝐿
Δ𝑝 [1 − 0.630

ℎ

𝑤
]  Eq. 42 

The approximation of Eq. 42 is decent: the reported error for a square channel (ℎ = 𝑤) is a mere 13%. 

The error at ℎ = 𝑤/2 is already down to 0.2%64! An infinite parallel-plate channel configuration can 

easily be deduced from Eq. 42 by inserting the actual value 
ℎ

𝑤
= 0. This results in; 

𝑄2−𝑝𝑙𝑎𝑡𝑒𝑠 =
ℎ3𝑤

12𝜂𝐿
Δ𝑝   Eq. 43 

Lately, several papers have been published about solving the simplified Navier-Stokes equations using 

spreadsheet analysis software (e.g. Microsoft Excel) as opposed to complex numerical modeling or 

using solver software packages70–72. One of these papers reports the solution of the time-dependent 

microfluidic poiseuille flow in rectangular channel cross-sections72. The reader is referred to these 

papers for a more detailed description. 

  

Figure 13: SEM images of a laser-ablated PMMA substrate with a laser strength of a) 725 nJ, b) 800 nJ, c) 940 nJ, 
and d) 1000 nJ. e) the AFM cross-sections. Retrieved from Baset et al. 

Figure 14: Square and rectangular channels can be created by hot embossing. Rectangular geometry can be produced by 
many other methods Retrieved from MNX. 
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4.8. Hydraulic resistance through pipe systems 
The previously discussed relation between constant pressure drop Δ𝑝 and flow rate 𝑄 can be given 

as the Hagen-Poiseuille law (Eq. 32), which is analogous to Ohm’s law: 

Δ𝑉 = 𝑅𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝐼    Eq. 44 

The concept of hydraulic resistance is important for designing and characterizing microchannels. Such 

hydraulic resistance arises from the viscous dissipation of mechanical energy within a flowing fluid, 

creating heat. This is completely analogous to electrical resistance where the dissipation of energy 

also results in heating. The viscous dissipation of energy in steady-state systems is given as: 

𝜕𝑡𝑊𝑣𝑖𝑠𝑐 = 𝑄Δ𝑝    Eq. 45 

𝜕𝑡𝑊𝑒𝑙𝑒𝑐 = 𝐼ΔV    Eq. 46 

The hydraulic resistance of several channels are as provided by H. Bruus: 

𝑅𝑒𝑙𝑙𝑖𝑝𝑠𝑒 =
4𝜂𝐿

𝜋𝑎4

1+(𝑏
𝑎⁄ )

2

(𝑏
𝑎⁄ )

3    Eq. 47 

𝑅𝑐𝑖𝑟𝑐𝑙𝑒 =
8ηL

𝜋𝑎4     Eq. 48 

𝑅𝑡𝑟𝑖𝑎𝑛𝑔𝑙𝑒 =
320𝜂𝐿

𝑎4√3
   Eq. 49 

Where the 𝑎 and 𝑏 values are defined the same as those in Eq. 37-39. The equations describing the 

hydraulic resistance in a rectangular and square channel are given as: 

𝑅𝑟𝑒𝑐𝑡𝑎𝑛𝑔𝑙𝑒 =
12𝜂𝐿

ℎ3𝑤[1−0.630(ℎ
𝑤⁄ )]

  Eq. 50 

𝑅𝑠𝑞𝑢𝑎𝑟𝑒 =
12𝜂𝐿

ℎ4(1−0.630∗0.917)
  Eq. 51 

The analogy between electrical and microfluidic systems is also valid when combining channels. E.g. 

two channels in series and parallel have the following computed resistances: 

𝑅𝑠𝑒𝑟𝑖𝑒𝑠 = 𝑅1 + 𝑅2  Eq. 52 
𝑅𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙 = (

1

𝑅1
+

1

𝑅2
)

−1
  Eq. 53

Combining different diameter channels results in breaking the translational invariance assumption 

made earlier. Though, ideal descriptions can be approximated if the flow through the pipe is 

completely laminar. This laminarity can be shown by calculating the Reynolds number. Other 

important considerations for pipelines in series and parallel are the following: 

Δ𝑝𝑠𝑒𝑟𝑖𝑒𝑠 = Δ𝑝1 + Δ𝑝2 + ⋯ + Δ𝑝𝑛 Eq. 54 

Δ𝑝𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙 = Δ𝑝1 = Δ𝑝2 = ⋯ = Δ𝑝𝑛 Eq. 55 

𝑄𝑠𝑒𝑟𝑖𝑒𝑠 = 𝑄1 = 𝑄2 = ⋯ = 𝑄𝑛 Eq. 56 

𝑄𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙 = 𝑄1 + 𝑄2 + ⋯ + 𝑄𝑛  Eq. 57
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4.9. Reynolds number; entrance length and pipe bends 
An important dimensionless quantity used in fluid mechanics is the Reynolds number. This number 

helps in predicting flow patterns in different flow situations. Laminar flow dominates at low Reynolds 

(𝑅𝑒 < 2300), while high Reynolds numbers indicate a turbulent flow (𝑅𝑒 > 2300). The Reynolds number 

indicates the importance of the inertial versus viscous forces in a system: 

𝑅𝑒 ≡
𝜌𝑣𝐷ℎ

𝜂
  Eq. 58 

Where 𝜌 is the density in 
𝑘𝑔

𝑚3, 𝑣 is the average velocity in 
𝑚

𝑠
, 𝐷ℎ is the characteristic length 𝑚, and 𝜂 is 

the viscosity in 𝑃𝑎 ∗ 𝑠. 𝐷ℎ is also known as the hydraulic diameter and is defined as the ratio of the 

cross-sectional area of a channel to the wetted perimeter of said channel. The characteristic length of 

a filled and enclosed rectangular duct is given as: 

𝐷ℎ =
4𝐴

𝑃
   Eq. 59 

𝐷ℎ =
4ℎ𝑤

2(ℎ+𝑤)
=

2ℎ𝑤

ℎ+𝑤
  Eq. 60 

The previously mentioned Hagen-Poiseuille flow neglects tube entrance and end effects. In truth, a 

certain length is required to reach the steady-state Hagen-Poiseuille velocity profile; the entrance 

length. It is important to consider this hydrodynamic developing region as the pressure gradients 

found in microsystem channels are high and the resulting path lengths are usually kept short73. The 

pressure drop in the developing region differs from Hagen-Poiseuille in that an apparent friction factor 

is necessary. Yet, this thesis assumes that the developing region is much shorter than the overall 

channel length. This assumption will be checked for every designed channel. Figure 1574 shows a 

schematic overview of the entrance region. The hydrodynamic developing (entrance) region length 𝐿𝑒 

is defined as73: 

𝐿𝑒 = 0.05𝑅𝑒𝐷ℎ  Eq. 61 

Furthermore, understanding and being able to predict the effect of various pipe features is important 

for the development of the microchip.  Laminar and turbulent flows severely impact the pressure loss 

resulting from pipe components such as valves and bends. C. Hansel researched and reported a loss 

coefficient equation for bends of different angles and radii. It was reported that the laminar pressure 

loss theory for straight ducts (Hagen-Poiseuille) should be used for a 𝑅𝑒 < 3075. C. Hansel reported that 

their equation has only been tested on 100 μm square-profile channels with bend radii from 125 to 

625 μm. For now, it is assumed that this assumption holds for the microchip. Again, the Reynolds 

number and channel sizes will be checked for every channel. Lastly, in extreme cases, one should 

consider the exit length. This length usually is much shorter than the entrance length and will 

therefore not be of importance in this thesis.  

 

  

Figure 15: Developing (a) velocity profiles and (b) pressure changes in the entrance of a pipe flow. Retrieved from 
F. White. 

(a) (b) 
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4.10. Microfluidic elements 
Self-powered and self-regulated microfluidic chips require flow generated by the self-filling properties 

of a chip or an existing pressure difference between internal and external pressures. These chips 

consist of several important microfluidic elements. This section will discuss a couple of elements that 

are of the utmost importance for both capillary and pressure-driven chips. Furthermore, interesting 

ideas will be introduced and considerations presented. 

4.10.1. Inlet/reservoir 
The inlet port is the entry point of the microfluidic circuit and is thus of great importance. Inlets can 

be designed as either an open-to-air port or as a closed storage system (reservoir). Open inlets are 

often designed as round elements with a radius much larger than the microfluidic channel width to 

create a beneficial pressure difference between the inlet and flow system, assuming wetting behavior. 

Such open inlets find use in many lab-on-a-chip applications designed for automated biological tests. 

These applications might employ several inlets on the same chip and careful design is required to 

prevent any cross-port contamination during usage. One solution to avoid cross-contamination is to 

change the topology of the substrate surface in-between ports such that liquid movement from port 

to port is energetically unfavorable. A hydrophobic layer should thus be created between two 

hydrophilic inlets. Another problem present in poorly designed open inlets arises due to the high 

capillary pressure present in corners. Sharp corners between the inlet bottom and wall will retain 

some liquid and can result in evaporation. This evaporation, in turn, results in unwanted backflow 

from the microchannels into the inlet, decreasing the overall circuit efficiency.76,77  

A closed port, more commonly known as a reservoir, is used to store a predetermined volume of liquid 

and subsequently release this into the circuit. Reservoirs typically also have low flow resistance and 

capillary pressure to ensure quick and efficient drainage. Furthermore, evaporation poses no problem 

for a pre-filled and closed inlet port. Completely enclosed reservoirs do, however, require a vent at 

one end to alter the drop in pressure resulting from storage draining and avoid incomplete depletion. 

Moreover, a closed inlet port can be made inert. This makes them particularly useful when a synthesis 

requires air-sensitive chemicals.  

4.10.2. Vent 
As mentioned in the previous section, vents find use in changing gas pressures in a microfluidic system. 

They are one of the simplest yet most important microfluidic circuit elements. A microcapillary system 

requires a gas vent to (re)move any gas in the system. This allows the introduced fluid to fill 

microchannels by displacing any gas present. Appropriate venting also avoids gas bubble formation by 

averting liquid bypass. These microfluidic elements even allow the designing of ‘starting valves’ which 

activate the capillary circuit by opening the vent and letting gas escape.76 

Proper vents thus allow gas to move and are designed in such a way that liquid is unable to escape the 

system. This means a vent should be made of a material with different wettability than the rest of the 

circuit, have a sudden change in capillary pressure to avoid liquid entering, or be extremely small to 

induce high flow resistance. A hydrophilic system would thus require a relatively large or hydrophobic 

vent to retain liquid. Often, vents are placed at the end of capillary pumps or reservoir but can also be 

employed in other spots along the flow path to remove any unwanted gas bubbles or allow the liquid 

to flow to or from a dead-end.  
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4.10.3. Reaction chamber 
The reaction chamber is the region in a circuit where chemical modifications take place. These are 

alike their bigger brothers used in industry: reaction chambers can be designed to mix, dissolve, heat, 

or synthesize chemicals. Other modifications are of course also possible. A proper microreaction 

chamber should exhibit efficient heat and mass transfer, fill and wet as designed, and be easily flushed 

once the modifications are finished. Any chemicals remaining after use will decrease overall circuit 

yield and toughen cleaning in case reusability is of interest.   

4.10.4. Flow resistor 
Liquid flowing through a microchannel gives rise to viscous flow resistance. This naturally occurring 

resistance can be tuned by changing microchannel dimensions to achieve a desired flow rate in the 

circuit while retaining constant pumping pressure. As shown in Section 4.8, decreasing the channel 

diameter affects the capillary pressure and flow resistance.  

One can reduce flow resistance while retaining capillary pressure by employing a multitude of 

channels in parallel. This parallel coupling of flow resistors can be approximated by the law of 

additivity of inverse resistances. This calculation is only valid when low Reynolds numbers are present 

and the channels are considered long, narrow, and far apart such that flow patterns from neighboring 

channels do not affect each other. Flow resistors create a pressure drop, just like an electric resistor 

finds use in electrical circuits to create a voltage drop.  

4.10.5. Phaseguide 
Phaseguides are filling front guides which guide the liquid front through a predetermined path in the 

microfluidic chip76. Creating guides allows complete and successive filling of large areas and can avoid 

gas entrapment in these compartments. The concept is a sudden change in geometry spanning the 

complete length of a moving liquid-air boundary. This line of material gives rise to a sudden change in 

capillary pressure which the flowing meniscus will follow. A step-wise and controlled filling of larger 

compartments can thus be achieved.78,79 

A phaseguide presents a “bump” in the flow section. The barrier effect is based on the effect of 

capillary pinning, phaseguides can be considered to be valves. A liquid flowing through a microchannel 

approaching a phaseguide will at a certain time in point reach said geometric step where a change in 

contact angle will occur. This change in contact angle results in a change in capillary pressure. At a 

certain contact angle, this capillary pressure will approach zero and the resulting flow will halt. The 

liquid will remain stalled as long as no external driving pressure is applied. Figure 1578 shows several 

schematic ideas for a phaseguide.  

The flow path predetermination could be used to force a liquid to mix. For this, one should employ a 

‘W’ shaped series of phaseguides. This will move the phaseguide breakthrough point from one side of 

the channel to the other side and could cause the liquid to mix better. Nevertheless, this is just a mere 

thought and should be tested in the future.  

  

Figure 16: Several phaseguide ideas with (a) liquid overflow at the smallest angle, (b) liquid 
overflow at the sharp bend, and (c) liquid overflow at the branch. Retrieved from P. Vulto et al. 
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5. Experimental section 

5.1. Materials used 
 

5.1.1. CdSe materials 
The following chemicals were used for the CdSe quantum dot synthesis: Cadmium oxide (powder, 

99.5%), Lauric acid (98%), Oleic acid, Selenium (powder, ~100 mesh, >99.5% trace metal basis), 

Trioctylphosphine (technical grade, 90%), Methanol (>99%), Hexane (anhydrous, 95%), and 

Chloroform. All chemicals were ordered from Sigma-Aldrich. 

 

5.1.2. PbSe materials 
The following chemicals were used for the PbSe quantum dot synthesis: Lead (II) acetate trihydrate 

(99.999% trace metals basis), diphenyl ether (ReagentPlus, 99%), Oleic acid, Selenium (powder, ~100 

mesh, >99.5% trace metal basis), Trioctylphosphine (technical grade, 90%), Methanol (>99%), Hexane 

(anhydrous, 95%), and Chloroform. All chemicals were ordered from Sigma-Aldrich. An argon flow was 

used to create an inert environment.  

 

5.1.3. MEMS microbatch experiments 
The experiments used the same chemicals as listed in the previous two subsections. The chip was 

cleaned by boiling kerosene (purum). This was ordered from Sigma-Aldrich.  

 

5.1.4. Novel microflow chip experiments 
The microflow chip is currently in production and no experiments have been done. However, any 

experiments done will use the same chemicals as listed in Section 5.1.2. The only new chemical is 

Camphor (96%) which was ordered from Sigma-Aldrich.   
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5.2. Batch quantum dot methodologies 

5.2.1. CdSe nanocrystal synthesis and analysis 
Preparation of CdSe QDs: CdSe QDs of different sizes were synthesized according to our slightly 

modified methodology as proposed by Kikkeri et al80. The cadmium precursor was prepared by heating 

cadmium oxide (100 mg, 0.75 mmol) with lauric acid (1,000 mg, 5.0 mmol) at 150°C until a clear 

solution was obtained. Oleic acid (2.0 mL) was added to the solution. After addition, the solution 

temperature was kept at 150°C and stirred at 500 rpm for 10 minutes. The selenium precursor was 

prepared in a separate vial by adding selenium (80 mg, 1.0 mmol) to trioctylphosphine (2.0 mL), 

manually shaken until the solution turned clear and kept at ambient temperature. The synthesis was 

started by mixing 1.0 mL of both precursors and heating the mixture to 150°C. The formation of 

quantum dots was indicated by a gradual change in color from yellow to deep red, as shown in Figure 

17. Small samples were taken at a reaction time of 30 seconds, and 1, 1.5, 2, 3, 4, 6, 8, and 10 minutes.  

Analysis of optical properties: The CdSe fluorescence emission spectrum was measured by a 

Horiba FluoroMax-4 Spectrofluorometer. No alterations have been done to the chemical constituents 

except dilution necessary for proper analysis. All measurements were performed with the 

corresponding CdSe quantum dots diluted and dispersed in chloroform.  

Analysis of structural properties: HAADF STEM/TEM images were acquired using an 

aberration-corrected FEI Titan Themis 80-200 operating at 200kV, with a beam convergence semi 

angle of 25 mrad and HAADF collection angle from 56-200 mrad. Elemental maps were acquired using 

a superX detector and a low-background sample holder. The quantum dots were purified for this 

analysis to avoid microscope contamination. The quantum dots of interest were deposited in 1 mL 

methanol. The new solution was manually shaken and centrifuged at 5,000 rpm for 5 minutes. The 

supernatant was removed by pipette and the precipitate was redispersed in 1 mL methanol. The new 

solution was sonicated for 40 seconds after which it was centrifuged at 5,000 rpm for 5 minutes to 

precipitate the quantum dots. The methanol was replenished once more, the solution sonicated and 

then centrifuged. The supernatant was removed and the precipitate was redispersed in 1 mL hexane 

then to be sonicated for a further 40 seconds.  

5.2.2. CdSe experimental setup 
The CdSe setup uses a three-neck round bottom flask as the reactor. It employs a silicon oil heating 

bath for temperature control. No reflux or inert gas flow is used. The setup is shown in Figure 18. 

 

 

 

 

 

 

 

 

 

 

Figure 18: CdSe setup employing a silicon heating bath. 
No ‘space’ environment was recreated. Stoppers to be 
added. 

Heating 

Figure 17: Change in reaction mixture 
color from (a) light yellow at 2 minutes 
to (b) crimson 6 minutes later. The 
reaction is successful. 
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5.2.3. PbSe nanocrystal synthesis and analysis 
Preparation of PbSe QDs: PbSe QDs of different sizes were synthesized according to the 

procedure as mentioned in Tan et al81. The lead precursor was prepared by combining diphenyl ether 

(5.0 mL), lead acetate trihydrate (100 mg, 0.264 mmol), and oleic acid (0.34 mL, 1.077 mmol). A 

condenser circulating cold water was applied after which the mixture was stirred at 500 rpm and 100°C 

for 30 minutes. The setup was continuously purged with argon. The selenium precursor was prepared 

separately by adding selenium (200 mg, 2.533 mmol) to trioctylphosphine (1.6 mL) and manually 

shaken until the selenium was completely dissolved. The selenium precursor was heated to 100°C 

before starting the synthesis. The synthesis was started by adding the selenium precursor to the flask 

containing the lead precursor. Both the condenser and argon purge were continued throughout the 

synthesis. The formation of quantum dots was indicated by a gradual change in color from colorless 

to light brown, as shown in Figure 20. Small samples were taken at a reaction time of 1, 2, 3, 4, 6, and 

10 minutes. 

 Analysis of optical properties: The PbSe NIR fluorescence spectra were acquired using an 

FLS980 Photoluminescence Spectrometer. A Fianium “Whitelase” MHz picosecond pulsed source with 

a range from 420-2,400 nm was used in combination with a Hamamatsu R5509-72 photomultiplier 

(600-1,700 nm detection). The visible PbSe fluorescence spectra were acquired using a Horiba 

FluoroMax-4 Spectrofluorometer. No alterations have been done to the chemical constituents except 

dilution in chloroform. The visible absorption spectrum was obtained using a Cary 60 UV-Vis 

Spectrophotometer. The same chloroform dilutions were used for visible absorbance and 

fluorescence spectroscopy. All solvents were examined using the same techniques. 

 Contact angle measurements: The contact angle of solvents and precursors on coatings were 

performed using an Attension Theta Optical Tensiometer which included a heating area. 

5.2.4. PbSe experimental setup 
The PbSe setup employs the same heating method as used for CdSe. The main difference between the 

two setups is the addition of an argon flow used for PbSe. This as PbSe and its precursors are 

considered more air-sensitive than CdSe. The PbSe setup is shown in Figure 19. 

 

  

Figure 20: Change in reaction mixture 
color from (a) colorless at 1 minute to 
(b) brown 6 minutes later. The reaction 
is successful. 

Water out 

Argon out 

Water in 

Reflux 

Heating 

Figure 19: PbSe 'space' setup containing an inert environment at atmospheric 
pressure. 
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5.3.  MEMS microbatch methodology 

5.3.1. CdSe & PbSe quantum dot synthesis and heating analysis 
Preparation of quantum dots: Both the CdSe and PbSe microbatch experiments were performed 

using the synthesis described in the previous two sections. The total available reaction volume equals 

200 μL. This meant a ratio 1:1 for the Cd:Se precursors and 3.35:1 for the Pb:Se precursor ratio. This 

equaled a volume of 100 μL for both the Cd- and Se-precursor in the CdSe microbatch experiment. 

154 μL for the Pb- and 46 μL for the Se-precursor were used in the PbSe microbatch synthesis. All 

precursors were added at their preparation temperature. The CdSe microbatch test was performed a 

total of six times: once for HR-STEM analysis, three times at four minutes reaction time, once at six 

minutes, and once at eight minutes for spectral analysis. The PbSe microbatch was performed four 

times: once for HR-STEM and three times with a reaction time of one minute for spectral analysis. A 

batch experiment was done with the remaining PbSe precursors. Preparations for analysis of the 

quantum dots were performed as described in their respective section. PbSe preparation for HR-STEM 

followed that as described in the CdSe section.  

 Heating and power testing: The heating capability of the chip was tested using a DC power 

supply. The chip was filled with 200 μL kerosene (purum). The temperature was measured using a 

standard hotplate thermocouple, a Minolta/LAND Cyclops mini laser, and a FLIR C2 thermal camera. 

All are shown in Appendix C. Two tests were performed to identify the heating behavior. Firstly, the 

change in temperature was measured at constant wattage. Secondly, a goal of 100°C was set and the 

required heating time was noted at different wattages.   

5.3.2. MEMS microbatch setup 
The microbatch reaction vessel heaters were connected to a DC power supply. The reaction chamber 

was placed in a plastic box. An active argon flow was applied during the PbSe experiments but this 

was not done during CdSe experiments.   

Figure 21: CdSe & PbSe microbatch setup. An inert atmosphere was created by an active argon flow when necessary. 
The syntheses were done at atmospheric pressure. 

Argon  
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6. Results and Discussion 

6.1. Previous student research 
The concept of dispersing a cloud of quantum dots for satellite protection is not new. It was patented 

by American defense and technology company Raytheon back in 2011. However, the novelty of 

moving the complete quantum dots preparation to space was proposed by the Hessel-group. To this 

extent, several students have been working on this subject ahead of this thesis. The work in this 

dissertation, therefore, continues the progress made by these students. 

The subject can be divided into two main research areas being the quantum dot synthesis and 

microchip engineering. Recently, the students Xue Ying Or and Thomas Hasler have made great strides 

concerning the CdSe synthesis. They have concluded that the distinct emission-tunable behavior of 

quantum dots is exceptionally interesting for the proposed goal. Furthermore, they stated that the 

required synthesis time for the used chemicals might be problematic. This since a quick response is 

wanted. Therefore, this thesis continues the research into quantum dot syntheses and behavior. 

The research done by Xue Ying Or and Thomas Hasler was a continuation of that done by the student 

Don Tran. His research combined both the disciplines of synthesis and engineering. A CdSe quantum 

dot synthesis was selected and a microbatch mock-chip was designed. The feasibility of his synthesis 

was demonstrated within this chip, having a volume of only 200 μL, by the aid of microchip heating. 

The microchip used a SiC thin-film microheater, consisting of copper printed circuit boards, two 

aluminum microwires, and a small reaction cell, which is temperature-monitored by IR thermography 

Furthermore, the microreaction chamber was acrylic-based. In the mock-up microchip, the proof of 

principle of the QDs synthesis was given as high-temperature microchemistry. CdSe QDs were 

synthesized at 150°C within 2 minutes. The particle size of the QDs ranged between 3 to 5 nm when 

changing the reaction time from 2 to 7 min. This microbatch chip will find use in this thesis for testing 

new syntheses. 

Lastly, interesting engineering concepts were proposed by 

the student Shaokun Shen. He discussed pneumatic-driven 

micro-flow through an air expansion force. This was verified 

as a suitable motionless microfluidics approach under 

microgravity conditions. It was found that both the volume 

of air and heating temperature have a significant effect on 

the flow rate of the fluid inside a micro-channel. At 150°C and 

3 cm3 of air, the maximum velocity obtained was 78 mm/min. 

Also, discovered was that the effect of increasing the volume 

of air was weakened when a volume larger than 3 cm3 was 

used. Lastly, he provided a microfluidic reactor concept, as 

shown in Figure 23, which is of interest to this thesis. 

 

 

 

  

Figure 23: Schematic overview of microchip design as proposed by the student 
Shaokun Shen. 

Figure 22: Shaokun's experimental data shows a 
strong increase in flowrate with higher air volumes. 



31 
 

6.2. CdSe quantum dot batch synthesis 
The CdSe quantum dots were produced as outlined in Section 5.2.1. Analysis of their key properties 

was done within a short time after production to avoid any potential quantum dot degradation. The 

final product was analyzed as-synthesized, thus no purification steps were performed unless 

necessary. It was decided to use the unpurified product as this would most closely simulate real 

conditions in which the quantum dots would perform. The quantum dots dispersed into space to 

mimic a space asset radiation signature will not be purified due to the stringent time limit, yet it is to 

be expected that the solvents will boil-off in the vacuum of space. Hence, it is crucial to analyze the 

samples as-synthesized and consider the effects of each solvent. 

The samples in this study were synthesized with different reaction times. A limit of 10 minutes reaction 

time for the batch reaction was imposed because of the strict time limit imposed by mission Shakti; 

168 seconds. Figure 24b shows a visual validation proving the creation of visible-light emitting 

quantum dots. From both sub-figures in Figure 24, it can be deduced that the methodology presented 

in the previous section has successfully synthesized CdSe quantum dots of different sizes and 

emissions due to a change in reaction time. It is shown that our reaction setup promotes quick 

nanoparticle nucleation yet takes significant time to start noticeable particle growth, as indicated by 

the high number of blue-emitting samples. It must be noted that the apparent change in color from 

2.0 to 3.0 minutes, as shown in Figure 24b is due to the reflection of light emitted by the yellow, 4.0-

minute sample. 

  

Figure 24: Synthesized CdSe quantum dots in (a) ambient light and (b) excited at 312 nm. An 
increase in wavelength is shown for increasing reaction times. 
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One can explain this time difference between nucleation and growth by noticing that the chosen 

reaction scheme is considered a colloidal heat-up synthesis route. As discussed in Section 2.3, the 

classical colloidal route consists of three major happenings: (I) monomer generation resulting in (II) 

nucleation followed by the (III) growth of seeds. The chosen heat-up approach is a single-pot 

nanocrystal synthesis where all constituents are mixed before heating. Heating the mixed solution 

initiates nucleation and successive particle growth. Thermal degradation of the precursor into 

monomer ups the concentration, eventually reaching the critical nucleation concentration. There is 

an energetic barrier present that needs to be overcome to start seed nucleation. This separates 

nucleation from growth as the monomer concentration drops after the nucleation event. The 

immediate nucleation followed by the slow growth of our samples indicates that this nucleation 

threshold was reached early due to the separate precursor preparation. After which the reaction 

temperature was not yet high enough to sufficiently promote new monomer generation and particle 

growth. Therefore, preheating the precursors is suggested for the next experiments. 

6.2.1. CdSe optical properties 
The samples were analyzed for their emission spectrum in the UV-

Visible range of 365 nm to 850 nm and the graph is shown in Figure 

25 to aid in comparison. The quantum dots were excited at a 

wavelength of 350 nm. In addition to the graph plotted, the peaks 

and full width at half maximum (FWHM) observed for each sample 

are tabulated in Table 1. It is shown that the observed wavelength 

emission peak of each sample corresponds to the luminescent 

property observed under the UV-light. The analyzed peaks are 

broad compared to those reported by Kikkeri et al.80, possibly due 

to the simplification of our reaction scheme. CdSe quantum dots 

are exceptionally emission tunable yet are unable to reach the 

emission goal within the set timeframe of 10 minutes. The samples 

with a reaction time of 6, 8, and 10 minutes appear to start forming 

a bimodal distribution as indicated by the change in slope. This 

apparent bimodal distribution is caused by increased inaccuracy of 

the FluoroMax-4 at higher wavelengths, leading to a strong 

increase in the emission correction factor of the instrument.  

  

Sample Emission Wavelength  
Peak (nm) 

FWHM 
(nm) 

0.5 min 442 144 
1 min 442 141 

1.5 min 443 137 
2 min 443 137 
3 min 445 174 
4 min 610 228 
6 min 671 270 
8 min 718 -- 

10 min 749 -- 

 

Table 1: CdSe fluorescence wavelengths of different 

reaction times and corresponding FWHM. 

Figure 25: CdSe fluorescence spectra excited at 350 nm. The graph is 
normalized for each peak. CdSe shows strong size-tunable emission as 
expected. 
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Figure 27: Structural analysis of CdSe showing (a) TEM image, (b) diffractogram, (c) FFT analysis, and (d) the expected 
CdSe crystal structure and planes retrieved from FFT analysis. The dark spots in (a) indicate quantum dots. A 
crystallographic agreement was found. 

Figure 25 also shows a delayed growth time followed by a quick but decreasing growth rate. The 

growth rate for nanocrystal dots depends on many parameters, including their size. The temporal 

evolution of the size-dependent growth rate of nanocrystalline dots is negative54. This means the 

smaller particles grow quicker than larger particles. Defining the particle growth rate as the radius 

increment per unit time suggests that a particle growth-rate curve indeed has a negative slope and 

the standard growth speed decreases over time53. One would expect the standard deviation of the 

size distribution, also known as the FWHM, to decrease too but the opposite appears true. This result 

was also noted by Kikkeri et al80.  

The solvents were not investigated because the chosen 

CdSe-based synthesis was unable to reach IR-emitting sizes 

within several minutes while meeting the other research 

targets. Such investigation into solvent behavior should 

include both fluorescence and absorbance spectroscopy. 

This to show whether the chosen solvents are optically 

suitable for our protection system. 

6.2.2. CdSe structural properties 
A high-res TEM/STEM analysis was done on the CdSe 

particles to obtain structural information. Figure 26 shows 

both sterically hindered single dots and connected dots 

resulting from a fresh synthesis. Several high-res TEM images 

were acquired and analyzed using fast fourier transform 

(FFT) to obtain crystal structure information. The obtained 

crystal planes agreed with the expected CdSe crystal 

structure, as seen in Figure 27d. Other FFT figures can be 

found in Appendix A. 

Furthermore, an EDX analysis was performed for the elemental analysis of the sample. The elemental 

graph is shown in Figure 28. It was concluded that CdSe was present as indicated by the green circles. 

The large carbon and copper peaks, as indicated by the red circles, originated from the sample holder’s 

sheet and grid bars, respectively. The phosphorus peak (orange) can be explained by considering the 

reagents; trioctylphosphine was used as a capping agent. The silicon peak (orange) could be the result 

of contamination from the heating bath. The potassium peak (blue) cannot be explained at this 

moment. 

 

 

  

Figure 26: A STEM image of CdSe particles showing 
both singular and interconnected particles in a fresh 
4-minute sample. 
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6.2.3. CdSe degradation 
The emission spectra of the 4- and 8-minute samples were analyzed at the time of synthesis and after 

9 days of storage. Both samples were stored in identical glass containers under identical lab 

conditions. Such a test was performed to gain a deeper understanding of the degradation associated 

with storage time and to indicate whether the in-situ and real-time production of quantum dots is 

indeed necessary. Figure 29 shows the emission comparison of said samples, the peak values are 

tabulated in Table 2. A blue shift in emission peaks of 16 and 103 nm was observed for the 4- and 8-

minute samples, respectively. This blue shift indicates a change in particle size. It was concluded that 

a dispersion merely based on the steric hindrance provided by oleic acid and trioctylphosphine as 

surface ligands do not provide sufficient stability for long-term storage. Even though it is not possible 

to determine an exact decay speed, Figure 29 does show the need for real-time quantum dot 

production.   

Table 2: CdSe fluorescence wavelengths of different reaction times and corresponding FWHM after 9-day storage. 

 

 

 

 

 

 

 

 

 

   

Sample Emission Wavelength  
Peak (nm) 

FWHM 
(nm) 

4 min fresh 610 228 
4 min 9-day old 594 200 

8 min fresh 718 -- 
8 min 9-day old  615 242 

Figure 28: EDX graph of CdSe particles. Clear Cd and Se peaks are visible as well as peaks resulting from the sample insert. 

Figure 29: Fluorescence spectra of fresh and aged CdSe excited at 350 nm. The 
graph is normalized for each peak. A notable emission change is visualized. 
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Figure 31: HAADF and elemental analysis of the 9-day old sample with a reaction time of 4 minutes showing that both Cd 
and Se are present in the bridges. The red circles exemplify a bridge showing strong Cd and Se peaks.  

A high-res STEM analysis has been performed on these samples to see the effect. The 9-day old 

quantum dots were purified for this analysis to avoid microscope contamination. The quantum dots 

of interest were quenched in 1 mL methanol. The new solution was centrifuged at 5,000 rpm for 5 

minutes. The supernatant was removed by pipette and the precipitate was redispersed in 1 mL 

methanol. The new solution was sonicated for 40 seconds after which it was centrifuged at 5,000 rpm 

for 5 minutes to precipitate the quantum dots. The supernatant was removed and the precipitate was 

redispersed in 1 mL hexane then to be sonicated for a further 40 seconds. The sonication used for 

purification could have changed the original morphology, it is therefore assumed that the STEM 

pictures are a ‘best-case scenario’. 

The STEM and HAADF images show the coagulation of quantum dots for both samples. An increased 

number of interparticular material bridges were formed. Figure 30 shows the STEM images of 9-day 

storage of a 4- and 8-minute sample, and a fresh sample from a different batch synthesis with a 

reaction time of 4 minutes. Figure 31 shows HAADF images obtained from the 9-day storage 4-minute 

sample. The HAADF elemental analysis shows that the interparticular bridges are indeed CdSe. The 

bridge formation can thus explain the apparent emission blue shift: CdSe material is moved from 

particles to connections, decreasing the particle sizes. This movement of material has been seen and 

used in more controlled environments e.g. for the asymmetric Ostwald ripening of quantum dots to 

rods82,83. Correspondingly, the formation of interparticular CdSe bridges leads to a decrease in FWHM, 

as tabulated in Table 2, insinuating that bigger particles deposit more strongly towards bridge 

formation than smaller particles.  

  

Figure 30: STEM images of (a) 9-day old sample with a reaction time of 4 minutes, (b) 9-day old sample with a reaction time 
of 8 minutes, and (c) a fresh sample with a reaction time of 4 minutes. Strong coagulation of particles is shown. 
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Figure 33 shows a comparison of the particle size distribution of the fresh and 9-day old 4-minute 

sample. The change in particle size distribution agrees with the other results. The most obvious 

changes appear around the extremes of the distribution. A strong decrease in the largest particle sizes 

is seen as well as a strong increase in particle sizes between 1.9-2.1 nm. Though, the difference in the 

number of particles counted must be noted; 𝑛 = 939 for ‘Fresh’ and 𝑛 = 209 for ‘9-day Old’. This 

difference explains the apparent roughness of the 9-day distribution as compared to the fresh 

distribution. This difference in counted particles arose because the software was unable to 

automatically determine particle sizes due to interparticular bridge formation and manual editing had 

to be done to these images. Figure 32 shows an example of what the used software, ImageJ, does to 

count particles. The ‘Fresh’ distribution has a mean of 3.16 nm with a standard deviation of 0.72 nm, 

whereas the ‘9-day Old’ distribution possessed a mean of 2.82 nm and a standard deviation of 0.62 

nm. These values agree with a general decrease in both particle size and FWHM as seen by the optical 

analysis. 

In conclusion, CdSe is highly emission tunable yet is unable to reach deep-red to NIR emissions within 

the strict time limit. The heat-up synthesis has shown to be problematic in batch. Therefore, it is 

suggested to switch the synthesis approach from a heat-up to a hot-injection synthesis. Moreover, an 

on-board (in-situ) and real-time synthesis of quantum dots is proposed as it was shown that 

coagulation and aggregation of quantum dots blue shifts yet narrows the emission spectrum after just 

9 days of lab storage, rendering long-term quantum dot storage highly undesirable.  

(a) (b) 

(c) 

Figure 32: Example of image analysis to retrieve particle size distribution. (a) Fresh sample with a reaction time of 4 
minutes (b) set to black and white inverted contrast (c) the particles are counted as shown in blue. 

Figure 33: Particle size distribution of (a) 4 min fresh sample with 939 measured dots having 𝑥ҧ = 3.16 nm, 𝜎 = 0.72 nm (b) 4 min 9-
day old sample with 209 measured dots having 𝑥ҧ = 2.82 nm, 𝜎 = 0.62 nm. A decrease in average particle size is noted. 

(a) (b) 
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6.3. PbSe quantum dot batch synthesis 
The PbSe quantum dots were produced as outlined in Section 5.2.3. The synthesis chosen was a hot-

injection method with both precursors preheated to the corresponding temperature. This to avoid the 

previously mentioned nucleation/growth time gap. Analysis of their key properties was done within a 

short time after production to avoid any potential quantum dot degradation. The final product was 

analyzed as-synthesized, thus no purification steps were performed unless necessary. It was decided 

to use the unpurified product as this would most closely simulate real conditions in which the quantum 

dots would perform. The quantum dots dispersed into space to mimic a space asset radiation 

signature will not be purified due to the stringent time limit, yet it is to be expected that the solvents 

will boil-off in the vacuum of space. Hence, it is crucial to analyze the samples as prepared and consider 

the effects of each solvent. 

The samples in this study were synthesized with different reaction times. A limit of 10 minutes reaction 

time for the batch reaction was imposed because of the strict time limit imposed by mission Shakti. 

Unlike the previously reported CdSe quantum dots, a quick visual check was not possible due to the 

PbSe emitting in the invisible NIR region. Though, the color change of the reaction mixture, as seen in 

Figure 20, indicated a successful quantum dot synthesis. 

6.3.1. PbSe optical properties 
An excitation vs emission plot was acquired to gain an overview of the optical PbSe behavior. For this, 

a 1-minute reaction time sample was analyzed by being excited from 450 – 800 nm while measuring 

the fluorescent emission ranging from 1,000 – 1,500 nm. The subfigures of Figure 34 show the 

normalized 3D curve and flat surface, respectively. A peak emission intensity was determined at 1,160 

nm with peak excitation intensity at 530 nm. Therefore, an excitation wavelength of 530 nm will be 

used for the acquisition of future fluorescence graphs. 530 nm is a useful wavelength as the emission 

spectrum from our sun peaks in intensity around 500 nm (Wien’s law). The second peak with an 

emission peak of 1,120 nm appears to indicate a bimodal size distribution. This is, however, not the 

case as further experiments did not show this peak. It was concluded that this second peak was 

created due to a mishap in the synthesis initiation, more specifically the addition of the selenium 

precursor where it was added in two steps due to failure in using the syringe. Furthermore, it is shown 

that PbSe is excited by wavelengths over 800 nm, yet it was deemed unnecessary to test this 

considering the intensity measured at 800 nm was well below 10% of the maximum intensity already.   

  
 

Figure 34: PbSe excitation vs emission (a) 3D and (b) surface plot. The sample reaction time was 1 minute. Graphs 
are normalized to maximum PbSe fluorescence intensity. 
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A new batch of samples was analyzed for their fluorescence emission spectrum in the NIR range of 

700 nm to 1,700 nm as a result of particle excitation at 530 nm. The samples were used as retrieved 

from the synthesis, no purification was done. In addition to the graph plotted, shown in Figure 35, the 

peaks and FWHM observed for each sample are tabulated in Table 3. The relatively low reaction 

temperature of 100°C was effective and preheating the precursors indeed removed the 

nucleation/growth time gap present in the heat-up CdSe batch synthesis. The PbSe synthesis, 

therefore, is deemed suitable to reach our mock-spectrum.  Figure 35 shows, in agreement with that 

reported for CdSe (Figure 25), a decreasing growth rate. Furthermore, the FWHM ultimately also 

broadens for PbSe particles. Lastly, the mean peak emission wavelength of a 1-minute PbSe sample 

appears to be roughly 1,160 nm with a standard deviation of 26 nm. The mean FWHM is 195 nm with 

a standard deviation of 13 nm. Therefore, the first peak shown in Figure 35 is an outlier. The average 

1-minute peak emission is based on the peaks presented in Figure 34, Figure 35, Figure 44, and the 

repeat experiment of Figure 35. Both the repeated experiment and comparison of 1-minute peaks are 

shown in Appendix B. 

6.3.2. PbSe solvent properties 
Further investigation into the solvent behavior was done to check for visible and NIR fluorescence and 

absorbance. This to show whether the chosen solvents are optically suitable for our protection system: 

extra fluorescence peaks are unwanted, so is the absorbance in the fluorescence emission and visible 

absorption/excitation region. The solvents tested were oleic acid (OA), diphenyl ether (DPE), and 

trioctylphosphine (TOP), all of which found use in the PbSe synthesis.  

Visible light absorbance is shown in Figure 37, which is normalized to the maximum absorbance of the 

sample. It shows a strong UV absorbance due to oleic acid, but no significant absorbance due to 

diphenyl ether nor trioctylphosphine. The absorption percentage in the mixture due to oleic acid 

increases when nearing the UV-region, indicating a decrease in PbSe excitation activity in the deep 

blue region. Removing these values from the PbSe line by a simple subtraction shows that PbSe 

particles indeed show a decrease in UV-excitation activity. Moreover, it is shown that PbSe does 

absorb visible light, as was previously indicated by the emission vs excitation graph (Figure 34).  

 

Sample Emission Wavelength  
Peak (nm) 

FWHM 
(nm) 

1 min 1200 180 
2 min 1265 175 
3 min 1295 185 
4 min 1315 180 
6 min 1325 215 

10 min 1410 240 

Table 3: PbSe fluorescence wavelengths of different 
reaction times and corresponding FWHM. 

Figure 35: PbSe fluorescence spectra excited at 530 nm. The graph is normalized 
for all peaks. PbSe shows strong size-tunable emission as expected. 
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It is worth noting that these graphs do not agree with each other: Figure 34 shows a maximum 

excitation response at 530 nm, whereas Figure 37 shows maximum absorbance at 435 nm. This 

disagreement is due to the simple (and incorrect) subtraction performed. This subtraction does not 

take the actual solvent ratio into account as an exact ratio is unknown and this subtraction is, strictly 

speaking, incorrect; it merely indicates that PbSe absorbs visible light yet is not the only constituent 

absorbing light. The actual excitation vs emission behavior is shown in Figure 34. Optimal PbSe 

excitation will be achieved with minimal visible light absorbance by the solvents; therefore the amount 

of oleic acid should be minimized. 

An IR-fluorescence graph, shown in Figure 36, was obtained for the solvents excited at 530 nm to show 

whether the emitted IR spectrum is completely due to PbSe particles or if solvents affect the spectrum. 

The emission of diphenyl ether, oleic acid, and trioctylphosphine was measured from 700 nm to 1,700 

nm and normalized to the highest peak value of the PbSe dots. Chloroform (Chloro) was also checked 

because it found use as a cleaning agent in-between tests. Testing chloroform mitigates any emission 

resulting from the remaining cleaning agent. Moreover, chloroform is known to be a strong absorber 

in the NIR-spectrum yet showed no significant fluorescence activity in this region. None of the solvents 

exhibited a strong NIR fluorescence. Chloroform was not tested in the visible absorbance spectrum as 

it was used to dilute all samples. The change in fluorescence intensity seen from 1,380 nm onwards is 

due to grid change. The full version of Figure 36 is shown in Appendix B. 

Lastly, the visible fluorescence of all solvents and one PbSe sample excited at 530 nm was measured 

from 365 nm to 700 nm to check whether an incoming missile would measure a pure NIR spectrum or 

a dual-peak spectrum with VIS/NIR emissions. Figure 38 shows the visible fluorescence spectrum. It 

shows a peak emission at 580 nm resulting from oleic acid excited at 530 nm. Oleic acid emission 

intensity is negligible compared to the CdSe emission, yet is significant compared to other PbSe related 

solvents. Figure 38 is normalized to the average value of the CdSe (350 nm excitation) to relate the 

solvent fluorescence values to a known emission intensity. This peak should pose no problem 

considering the PbSe particles are strongly excited by wavelengths ranging from 500 nm to 600 nm as 

shown in Figure 34. The oleic acid emission is mostly absorbed by the PbSe particles as shown by the 

1 min PbSe sample in Figure 38. The full version is shown in Appendix B. 

 

Figure 37: Visible light absorbance of PbSe and solvents. Graphs are 
normalized to the maximum value of PbSe. Significant UV-
absorbance is shown for oleic acid. 

Figure 36: NIR fluorescence of PbSe synthesis solvents and chloroform. 
Values are normalized to the maximum PbSe peak fluorescence 
intensity. None of the used solvents exhibit notable IR-fluorescent 
emission. 
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6.4. CdSe & PbSe MEMS microchip experiment  
A microelectromechanical system (MEMS) microchip experiment was suggested before moving on to 

the microfluidic design. Unfortunately, these tests could not be performed until after the final flow 

design was finished. Nevertheless, several tests have been performed during the production phase of 

the new microflow chip. It was chosen to employ the chip designed by Don Tran, one of the students 

previously working on this project. The chip consists of an acrylic microchamber on top of a 

microheater, as shown in Figure 39. The reaction volume of this chip is 200 μL.  

A plan was made to do both the CdSe and PbSe synthesis. Precursors and precursor ratios used were 

exactly as those described in Section 5.2. This meant a volume of 100 μL for the Cd- and Se-, 154 μL 

for the Pb-, and 46 μL for the Se-precursor. Note that there is a significant difference in temperature 

requirement between these two syntheses.  

To this extent, the temperature behavior was researched before commencing any synthesis. It is 

important to reach the desired temperature as quickly as possible after which the temperature level 

has to be maintained. It was assumed that the heating capacity of the microheater depends on the 

applied power, where higher values result in quicker heating. A hard limit of 0.6 A has been set by Don 

in his report. For safety reasons, this amperage has not been reached during tests performed in this 

thesis.  

Figure 39: Schematic of the MEMS microbatch chip. A microheater is used to heat the 200 μL volume. Retrieved from Don Tran. 

Figure 38: Visible fluorescence of PbSe and solvents. Values are normalized to the average CdSe 
peak fluorescence intensity. The visible fluorescent emission is negligible considering the excitation 
wavelength of 530 nm. 
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Several methods of temperature measurement were available: the thermocouple from a standard 

laboratory hotplate, an IR laser, and a thermal imaging camera. This equipment is shown in Appendix 

C. The responsiveness of the available methods was tested. The temperature measurement used for 

the particle synthesis must be as accurate as possible, especially considering the microvolume and 

quick temperature increment expected.  

Therefore, an experiment was conducted where a constant power of 1.15 W was applied to the chip. 

The temperature development of 200 μL kerosene was measured and recorded at 60, 120, and 180 

seconds, as shown in Figure 40. This shows a clear difference between the three tested methods: the 

camera appears to be the most responsive, followed by the IR laser, whereas the standard hotplate 

thermocouple is the least responsive. The addition of insulation to the thermocouple setup voided 

any influence from flowing air cooling down the thermocouple. It is argued that the thermocouple 

heat resistance is too high for such a microvolume considering its size, decreasing its responsiveness 

in this environment. Both thermal camera and thermocouple approached the same final temperature 

after an extended amount of time, meaning both agree in temperature measurement and Figure 40 

is credible. The IR laser was deemed inaccurate for this experiment as multiple measurements of the 

same area gave a difference up to 5°C. Lastly, the difference between camera test 1/2 and camera 

test 3 might have been caused by incorrect timing. All three tests have approximately the same 

transient temperature progression.  

A second experiment was performed to show how quickly the microheater can reach a certain 

temperature threshold. This was done three times to test the chip’s microheating reproducibility. The 

thermal camera was used because of its responsiveness. A temperature goal of 100°C was set as this 

is the PbSe synthesis temperature. Figure 41 shows a clear decrease in time required with an increase 

in power. The heating time drops from approximately 67 s at 2.555 W to approximately 35 s at 4.176 

W, and finally, down to 20 s at 6.336 W. It was decided to use a short 20-second ‘burst’ of 6.336 W 

(11 V) during the PbSe synthesis to reach the required reaction temperature followed by a decrease 

in power to aim for a steady temperature. This power was found to be around 1.80 W. The required 

heating time for 150°C was found to be roughly 40 s at 6.336 W and steady-state power was 3.32 W.   

  

Figure 40: Temperature measurements of three different methods. The microheater operated at a 
power of 1.15 W. The thermal camera appears to be most responsive to temperature changes. 
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Both the CdSe and PbSe syntheses were performed in the microbatch environment and analyzed for 

their emission spectra. The PbSe particles were also analyzed using HR-STEM for structural 

information. The CdSe microbatch test was performed six times: once for HR-STEM analysis, three 

times with a reaction time of four minutes, and at six and eight minutes for spectral analysis. Three 

experiments with an equal reaction time will give a decent indication of microchip synthesis 

reproducibility. A reaction time of four minutes was chosen as this is the time at which the first particle 

growth was acquired in the normal batch synthesis.  

The synthesis procedure in such a microchip can be considered a heat-up synthesis: both precursors 

are added at the same time then heated up together to reach the necessary reaction temperature. 

Therefore, it was expected that the spectra would be similar to those given in Section 6.2.1, Figure 25 

(peak emission at 610 nm). However, visible inspection of the particles showed a blue color rather 

than the expected yellow/orange, only the 8-minute sample had a very slight change in color. This is 

shown in Figure 42. More detailed fluorescence analysis showed a bimodal distribution for all CdSe 

microbatch experiments. All 4- and 6-minute samples show an emission peak around both 443 nm 

and 505 nm as shown in Figure 43. A reaction time of eight minutes showed slight particle growth; the 

main emission peak shifted towards 537 nm.  

  

Figure 43: Microbatch CdSe fluorescence spectra excited at 350 nm. 
The graph is normalized for each peak. Incredible reproducibility is 
shown yet the particle growth is slower than that of a normal batch 
synthesis. 

Figure 42: Emission comparison of CdSe quantum dots. An 
(a) 4-minute batch sample after two weeks of storage, (b) 4-
minute microbatch sample after centrifugation, (c) 4-minute 
microbatch sample before centrifugation, and (d) an 8-
minute microbatch sample. 

Figure 41: Time required to reach 100°C using the microheater. An increase in power 
results in quicker heating. Time measured at 2.555, 4.176, and 6.336 watt. 
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Furthermore, the CdSe microbatch experiments show incredible reproducibility yet no significant 

particle growth until extended reaction times. Also, the sample emissions appeared to be much 

dimmer than those of normal batch synthesis. The mentioned bimodal distribution agreed with the 

result from preparing the first microbatch sample for HR-STEM analysis: the quantum dot mixture 

changed from blue to green emission after centrifuging, as shown in Figure 42. This indicates that both 

colors were present in the original mixture, yet the heavier green particles were more strongly 

affected by the centrifugal force. This forced the green particles down and those thus remained as 

precipitation and were present when redispersed in hexane. HR-STEM analysis was not performed on 

this sample as the sample changed too much from the preparation.   

An argon flow was applied over the microchip to minimize the amount of oxygen present during the 

PbSe synthesis, as shown in Figure 21. The PbSe synthesis was performed four times. Once for HR-

STEM analysis and three times for IR-fluorescence. The PbSe synthesis was expected to be less 

efficient than the CdSe synthesis due to the air sensitivity of these quantum dots. Moreover, the 

microbatch environment forces this synthesis to be a heat-up synthesis rather than the previously 

used hot-injection. This could thus result in delayed particle growth and emission at higher energies.  

The three IR-fluorescence spectra of 1-minute reaction time were achieved after 18 hours of storage 

and are shown in Figure 44. Unlike with CdSe, the PbSe microbatch experiments showed no clear 

consistency. A peak emission at 970, 1,050, and 1,090 nm was retrieved from the analysis, which gave 

an average emission peak of 1,040 nm with a standard deviation of 61 nm. This inconsistency in peak 

emission, however, indicates stronger particle growth flexibility in one minute reaction time than CdSe 

exhibited in six minutes. It is clear that an increased particle tunability is wanted. Lastly, a PbSe 1-

minute batch experiment was performed with the remaining precursors, this IR-spectrum is also 

plotted in Figure 44. This batch experiment did agree with all previous batch experiments and had a 

peak emission of around 1,160 nm. The PbSe HR-TEM analysis did not yield any useful results.  

All microbatch syntheses showed that quantum dots can be formed quickly with a microheater and in 

microvolumes, yet the microbatch setup is not reproducible for PbSe. Furthermore, it shows a strong 

growth delay for CdSe particles which is not present for PbSe. The variety in PbSe peak emissions and 

lack of CdSe growth can also be (partly) explained by the fact that no active mixing is present: only 

natural convection arising from a change in fluid temperature and density ensures fluid movement 

here on Earth, not in space. It is also clear that the current microbatch chip is not suitable for space 

applications. Not just because of its open design but also due to the lack of mixing capability, as just 

explained and as described in Section 2.4. Therefore, the logical next step is to move to a microflow 

chip for increased mixing and, of course, space applicability. 

  

Figure 44: Microbatch PbSe fluorescence spectra excited at 530 nm. The 
graph is normalized for each peak. No clear reproducibility is shown and the 
particle growth is slower than that of a normal batch. 
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6.5. Theoretical microchip design 
The microbatch MEMS chip was deemed unsuitable for space and a microflow chip is suggested. 

Several interesting brainstorm sessions with Associate Professor C. Priest, from the University of South 

Australia, Node Director of the Australian National Fabrication Facility – South Australia, have led to 

the design shown in Figure 45. The design is based on that proposed by a previous student: Shaokun 

Shen. This design can be broken down into four different sections: the liquid/solvent storage, 

precursor preparation section, nucleation/growth reactor, and the propellant section. The liquid 

storage section contains the solvent necessary for the nanocrystal production, here being diphenyl 

ether + oleic acid, in one compartment and trioctylphosphine in the other compartment. Premade 

precursor storage was avoided as it was reasoned that precursors could precipitate. This claim will be 

discussed in Section 6.5.1.  

The liquid storage compartment should be connected to the precursor preparation section yet 

solvents should not flow before the chip is activated. For this, a fool-proof valve has to be designed 

and should be located at the spot indicated by the blue arrow in Figure 45. This will be discussed in 

Section 6.5.2. The solid precursors will be stored in the precursor preparation section in a powdered 

form to maximize surface area and minimize dissolution time. The overall time spent in the second 

section can be timed by employing a capillary trigger-valve as shown in Figure 46a84 where the first 

liquid is that directly from the precursor storage and the second liquid is that resulting from an 

extended flow path. Employing such an extended flow path allows for the exact timing of dissolution 

before moving onto the next section. The final section starts with another trigger-valve to let both 

precursor-flows enter the reactor parallel and at the same time. This reaction section can be timed by 

changing the channel length. Proper mixing is necessary yet difficult to achieve in the (most probably) 

parallel laminar flow setup. Therefore, phase guides are of interest as shown in Figure 46b78 and as 

discussed in Section 4.10.5. 

  

  

Figure 46: (a) SEM image of an asymmetric, 30 μm deep 
trigger valve. Retrieved from M. Zimmermann et al.  
(b) Schematic overview of a phaseguide. Retrieved from 
P. Vulto et al. 

Figure 45: Enclosed microfluidic chip environment employing both 
capillary and pressure-driven flow elements. Fool-proof valve 
location is indicated by the blue arrow. 
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Lastly, the propellant section is of interest as this system is completely enclosed. It will provide the 

pressure necessary to move the liquid through the chip, via e.g. gas expansion. Therefore, the chip 

contains both capillary and pressure-driven flow elements. The Hagen-Poiseuille equation of flow is 

considered for the pressure-driven flow elements, as discussed in Section 4.7 onwards.  

6.5.1. Long-term precursor storage 
In the previous section, it was assumed that the long-term storage of 

precursors has unwanted effects such as precipitation. For this 

reason, a long-term storage PbSe precursor experiment was 

conducted. The precursors were prepared as described in Section 

5.2.3 and stored in a closed vial under identical conditions for eight 

weeks. It was shown that the lead precursor did indeed not stay in 

solution but collected at the bottom as shown by the white hue at 

the lower end of the tube in Figure 47a. The selenium precursor 

appeared to be unaffected as shown by the clear solution in Figure 

47b. The stability of TOP-Se was expected as these chemicals are 

known to form a weak P-Se bond85. However, this does not mean the 

solution is homogeneous. It could very well be that the TOP-Se 

compound has a higher density than TOP and collects at the bottom. 

This is not visible due to both compounds being translucent. It was 

concluded that the initial design criterion of separating the precursor 

storage into both solvent storage and solid precursor section was 

correct. Storing premade precursors would require active mixing to 

properly homogenize the lead and possibly the selenium precursor 

before use, significantly increasing chip complexity. Lastly, it is noted 

that the Se dissolution in TOP is highly exothermic, as shown in Appendix C. 

6.5.2. Fool-proof valve concept 
The microchip should remain idle when not in use. A trigger-valve is necessary to avoid premature 

flow from solvent storage to precursor storage. A capillary trigger-valve as seen in Figure 46a could 

find use here. Though, capillarity is strongly contact angle dependent which in turn is strongly 

influenced by temperature change. Considering the unknown temperature fluctuation present in a 

space environment, it is more advantageous to consider a ‘physical’ barrier rather than a purely 

capillary-based barrier. Such a barrier has been suggested in previous projects in the form of a 

polymeric membrane that melts when heated. This makes it a single-use barrier. The single-use nature 

is not a problem for the final space application yet is unwanted for environmental and monetary 

reasons during the chip design and testing phase.  

  

Figure 47: (a) The white hue indicates that 
precipitation of the lead precursor has 
occurred within just eight weeks of storage. 
(b) The selenium precursor has not 
precipitated. Storing the precursor is thus 
not desirable. 

Figure 48: Schematic liquid bridge employing an immiscible liquid to physically block 
fluid flow. The liquid is held in place by capillary pressure. Courtesy of C. Priest. 
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Therefore, a new valve is presented here in the form of a water bridge. The valve combines both 

capillary and physical barrier properties: a hydrophobic coating combined with different channel 

widths should force a non-wetting liquid into the largest channel where it will block fluid flow. Figure 

48 depicts a schematic overview of the bridge. The schematic suggests the use of water, a claim which 

will be tested in the next paragraph. This bridge is based on the vacuum in space. Heating a wax valve 

(green dot) will open the water channel. The air present at one atmosphere (white part) will exit the 

chip through a nanochannel. This will suck the non-wetting water out and remove the blockage, 

enabling the wetting solvent to move to the precursor. The nanochannel is a channel of a much smaller 

size than the water channel, giving rise to extreme flow resistance and stopping the water from leaving 

the chip. A schematic overview of this bridge and chip is shown in Appendix D.  

Using water as a barrier is only valid if it does not mix with any of the solvents or solvent combinations. 

For this test, the precursors have been prepared as described in Section 5.2.3. 15 μL of water was 

added to 500 μL of a precursor. The solutions were manually shaken then centrifuged at 5,000 rpm 

for 2 minutes. It was found that water is miscible with the lead precursor but immiscible with the 

selenium precursor. For this reason, an extra test was done to check the miscibility of diphenyl ether 

+ oleic acid with water. The same DPE/OA ratio as with the true precursor was used. Proven was that 

the lead acetate trihydrate salt makes that the lead precursor solution is much more miscible with 

water than just a combination of diphenyl ether + oleic acid. Figure 49 shows the lead precursor, 

diphenyl + oleic acid, and selenium precursor solution, respectively. It was concluded that water is a 

suitable liquid for applying a water bridge between the solvent and precursor storage.   

The valve concept requires three connections, all of which are different in size. The three connections 

result from the need for a solvent inlet, an outlet to the precursor storage, and an outlet to move the 

water to open the valve. A quick and simple heuristic analysis indicates that the water outlet requires 

the largest channel size followed by the solvent inlet and finally the solvent outlet. This makes that 

the solvent outlet has the highest negative capillary pressure for water, forcing the water out of the 

channels, and makes water most likely to move through to the desired water outlet.  

This valve design only works when the capillary behavior of the solvents is opposite to that of water. 

The solvents should thus wet the chip surface. It was assumed this was the case considering the 

solvents are not water-miscible, as shown in Figure 49. Nevertheless, a heated contact angle 

measurement of the solvents/precursor on a superhydrophobic coating, octadecyltrichlorosilane 

(OTS), was performed to understand the exact wetting behavior over a range of temperatures. The 

lead precursor showed wetting behavior. The wetting of this precursor on OTS was tested from 75°C 

up to 105°C.  

Figure 49: A miscibility test of (a) lead acetate trihydrate + DPE + OA, (b) DPE + OA, (C) TOP + 
Se. The red arrows indicate large water droplets. The lead acetate trihydrate precursor is 
soluble in water. 
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A clear decrease in contact angle with increasing temperature was observed and is shown in Figure 50 

and Figure 51ab. A total of 12 measurements were done in the range of 70°C to 80°C and six 

measurements were performed around 105°C. The change in contact angle between lead precursor 

and OTS can be mathematically expressed as reported in Figure 50a. The reported 𝑅2 value is 0.9092, 

indicating that a relation between contact angle and temperature exists. Figure 50a is just that; merely 

an indication of contact angle versus temperature. The residual plot in Figure 50b shows complete 

randomness of the average distance between the linear graph and actual measured data. This 

indicates that the chosen linear regression indeed is the best fit. Furthermore, Figure 50b shows an 

increased inaccuracy at higher temperatures, again arguing the mathematical equation is just an 

indication. Another test was performed with the TOP solvent. The first test at ambient temperature 

showed extreme wetting behavior and further testing at elevated temperatures was deemed 

unnecessary. Figure 51c shows the extreme wetting behavior of TOP on OTS.  

The behavior of all solvents and the resulting precursors are considered fortunate for our chip design. 

They wet the surface and do not dissolve the water bridge, meaning a water bridge could produce a 

working fool-proof valve. A comparison between the lead precursor and TOP solvent was deemed 

acceptable as proof for the valve operation. DPE + OA should have been tested instead of the full lead 

precursor as the valve will be in contact with pure solvents and not necessarily the precursors. It is 

reasoned that lead acetate would ‘worsen’ the contact angle of DPE + OA on superhydrophobic OTS 

as the lead acetate trihydrate is slightly miscible with water. Therefore, it was assumed that the true 

solvent wets OTS even better than measured. 

  

Figure 50: A plot of the results from the heated contact angle measurement of lead precursor on OTS coating showing (a) linear 
regression and (b) residual plot of the regression. The chosen linear regression seems promising and no strong bias is found. 

Figure 51: Two examples of heated contact angle measurement of the lead precursor on OTS coated glass at (a) 75°C and (b) 
104°C. DPE wets the OTS coating and has a decreasing contact angle with increasing temperature, as expected. (c) TOP wets 
OTS to an extent that it was not possible to accurately measure the contact angle with the used zoom. 
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These tests give a strong indication that the chosen water bridge design might work as expected. 

However, there are some strict limitations associated with the current design. For example, water 

boils at relatively low temperatures; 100°C at atmospheric pressure and approximately 45°C at 0.1 

bar. The boiling temperature of water at atmospheric pressure is the same as the used reaction 

temperature. The energy released by the microheaters located in the reaction section and near the 

wax valves will conduct throughout the chip and will thus also reach the water bridge, possibly boiling-

off the water.  

This introduces yet another engineering constraint: either completely isolate/insulate the water 

bridge or maximize the conductive path length between said heat sources and the water. One of the 

wax microheaters is expected to be near the water bridge as indicated in Figure 48. Therefore, it is 

suggested to minimize the active heating time of this microheater by immediately switching it off after 

the wax seal has been removed. However, the maximization of the conductive path length is also 

possible. For example, by lengthening the air channels (white part or nanochannel in Figure 48) and 

moving all microheaters to a central ‘heating plaza’ away from the heat-sensitive water bridge. Figure 

52 shows a lengthened air channel; the orange circle indicates a nanochannel connection for flow 

resistance and the green rectangle indicates the ‘heating plaza’ far away from heat-sensitive 

compartments. Lengthening this air channel has a second advantage in that the distance between 

‘stored’ water and precursor is maximized. Any water vapor produced from boiling water has to go 

through a long path with a negative temperature slope. Any existing temperature gradient across this 

channel might act as a reflux setup and force the water to condense before it reaches the hygroscopic 

precursor. 
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Figure 52: Moving the heaters and maximizing the air channel length 
increases the efficiency of the water bridge. The orange circle indicates 
the nanochannel connection while the green rectangle is the heated 
chip region. 
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6.5.3. Wax valve 
Several wax valves are present in the final chip design to time the release of air into the vacuum of 

space. These valves are important as these initiate fluid movement throughout all chip compartments. 

Several constraints are applied to the design of these wax vales. They need to have a high melting 

point considering the PbSe reaction temperature of 100°C. Furthermore, it is important to examine 

the melting behavior of the used wax. It certainly is possible that a liquid wax will wet the 

superhydrophobic coating present inside the chip channels. Melting such a wax could then result in 

blockage of the channels, which is exactly the opposite of its intended use. Therefore, it is suggested 

to consider subliming solids. Though, sublimation should not occur without heating the valve. This 

means that its vapor pressure should be extremely low. In case wax is not suitable, one could consider 

a low-melting salt as these usually have low vapor pressures and are considered poorly soluble in 

organic solvents such as diphenyl ether and trioctylphosphine. Table 4 gives an overview of several 

possible chemicals. All information is retrieved from a ChemWatch Gold SDS unless indicated 

otherwise. 

Camphor has been chosen as a first plug material for the chip. Camphor 

reportedly starts to sublime at roughly 175°C, which means it should have 

both a high-temperature resistance and wanted sublimation behavior. A 

simple heating test showed that this is indeed true. Furthermore, 

camphor liquefies around 190°C and starts to boil at 210°C. A problem 

was found as camphor readily dissolves in all solvents. A simple test 

showed that 100 mg camphor dissolved easily in 500 μL solvent. 

Several tests were performed to create a plug consisting of camphor. For 

this, a funnel was manually plugged by inserting camphor wax but this 

was not successful. Water leaked through and a next test was prepared 

where the funnel tip (at ambient temperature) was inserted in liquid 

camphor. This test was successful and the plug was able to hold 200 mL 

water for over three days before breaking. Therefore, it is suggested that 

the camphor is liquefied to create the necessary plugs. The plugging 

might be more efficient if the glass is preheated to roughly 170°C before 

inserting the camphor.  

 

   

Sample Temperature Extra information 

Polycarbonate 𝑇𝑔 = 150°C Polymer 

Rubidium formate 𝑇𝑚 = 170°C86 Salt 
Camphor 𝑇𝑠 = 175°C Wax (sublimes) 
Caffeine 𝑇𝑠 = 178°C Sublimes 

Aluminum chloride 𝑇𝑠 = 180°C Salt (sublimes) 
Silver nitrate 𝑇𝑚 = 210°C Salt 
Adamantane 𝑇𝑠 = 270°C Sublimes 

Figure 53: Camphor plug created 
by inserting a glass funnel tip 
into liquid camphor wax. The 
glass tip was not preheated. 

Table 4: Several different possible plug materials. High melting point and 

sublimation capability are of interest. 
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6.6. Actual microchip design 
Due to the limited time remaining and estimated complexity of the microchip, it was decided to 

exclude the precursor preparation section, and design both the reactor section and water bridge 

feature. The chip will thus require a premade precursor solution as inlet and synthesize PbSe particles 

of a set size. The time saved by omitting the precursor preparation section (Figure 45) can be 

significant as problems associated with precursor dissolution and capillary timing are neglected. 

6.6.1. Design criteria 
Proper engineering of the chip requires defining clear boundary conditions. Without proper boundary 

conditions, it is impossible to efficiently reach the desired outcome. This section will focus on the 

design criteria. A complete overview of chip-related information is given in Appendix E.  

This discussion starts by assuming the propulsion system used for forcing liquid through the channels. 

A simplification of the final chip can be achieved by connecting the ‘propellant section’ to the 

atmosphere, basically simulating an infinitely large gas storage. This circumvents the need for 

designing the propulsion system in detail. Though, it is suggested to employ heating of the gas storage 

compartment in the final chip to force thermopneumatic actuation in a future design. Nevertheless, 

this simplification allows using the vacuum of space to create a weightless pump by exploiting the 

pressure difference between the microchip inlet and outlet. The vacuum of space is to be recreated 

by placing the chip in an enclosed chamber and lowering the pressure. Due to the expected non-

ideality of any pump and the wanted over-engineering, it is assumed that our working pressure at the 

outlet is 0.1 bar. This number was chosen arbitrarily for that water boils at 45°C. 

The second, third, and fourth design criteria are those of the produced quantum dot volume, 

maximum allowed time for this volume, and the time spent in the reaction section. The wanted 

quantum dots volume was chosen as 0.07 mL as this is approximately 1/5th of the volume used for 

earlier PbSe IR-fluorescence measurements and 1/10th the volume of our quartz cuvettes (Figure 10). 

Thirdly, the total time for producing this volume will be timed to 180 s. This is based on mission Shakti 

(168 s) and should prove that a quick response is possible for the PbSe synthesis. Fourthly, the time 

spent in the reaction section will be set to 50 s. A reaction time of one minute in batch readily reached 

emissions of 1,150-1,200 nm. It was previously argued that moving from batch to microflow (Section 

2.4) increases the reaction efficiency and a quicker reaction should be possible. Moreover, the 

precursor ratio will be the same as mentioned in Section 5.2.3. 

Now, let us look into the chip design requirements in more detail. It was suggested by C. Priest to use 

a 30x70 mm glass slide size and this will be a major boundary condition. All wanted chip features to 

have to fit on this slide size. Another limitation arises from the suggested production scheme of laser 

etching followed by wet HF etching. The design will be etched in one ‘bottom’ slide after which a 

second ‘top’ slide will be bonded to it. This only allows for a uniform channel depth of 50 μm in the 

bottom slide. 100 μm channel sizes can be used but will face significant alignment issues. Considering 

the expected micro-sized channel widths, it was deemed too risky to rely on the correct placement of 

the glass slides and a depth of 50 μm will be used for the calculations. The channel widths and lengths 

are still free to choose.  

Using the 30x70 mm standard size glass slide also simplifies the chip design in that standard 

connectors are available to connect the inlets to the glass microchip. 
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Another important consideration arises from the previously set criteria of reaction volume and 

precursor ratio. As mentioned earlier, the precursor ratio will be the same as that used in batch 

experiments. This results in a larger required volume displacement for the Pb-precursor compared to 

the Se-precursor. It is thus necessary to consider both the flow speed and associated pressure drop of 

each precursor side before they meet and enter the reaction section. Precursors have to flow through 

the chip and arrive at the reaction section at the same time and in the volume-ratio lead/selenium ≈ 

0.77/0.23. The volume flow of Se-precursor is lower than that of the Pb-precursor. Combining the 

difference in fluid flow with the required equal timing forces the Se-section to be either thinner to 

increase fluid speed, or be shorter to decrease overall flow time. 

A schematic overview of the preliminary chip design is shown in Figure 54. It shows two mirrored chip 

parts coming together in the middle as a reaction section. The mirrored inlet sections are only 

mirrored in use, not in size. It is clear that the TOP-Se side will be smaller due to the smaller volume 

displacement required. The schematic also shows the need for an external precursor preparation 

section. When taking a closer look at Figure 54 one will see two extra wax valves located at the bottom 

of the chip. The valve system in Figure 54 seems more complex than it is. The system is activated by 

opening the two top wax valves (indicated by ‘To space’), forcing the water to move into the attached 

arms. This will open and ready the system. The wax valve at the bottom right side of the chip will open 

next and remove all air, forcing the precursors through the empty water bridge and reaction section. 

Lastly, the bottom left wax valve opens and allows the quantum dots to spray into space. The 

combination of the third wax valve and accompanied nanochannel is not necessary and can be 

removed. Yet, it was decided to use an extra valve to minimize solvent boil-off and to prove whether 

the nanochannel high-flow-resistance idea also works with different liquids.  

This setup does not include the heating plaza concept as discussed at the end of Section 6.5.2. A cut 

in the glass was suggested to maximize the path length between all valves. This cut should be as long 

and wide as possible while retaining structural integrity.   

Lastly, retrieving the produced quantum dots from this mock-chip is expected to be problematic. The 

chip does currently not employ a nozzle to induce a quantum dot spray. It is expected that the liquid 

mixture will form a drop in the outlet port, possibly blocking or slowing down the flow speed in the 

reaction section. This problem could be averted by actively removing the produce via e.g. capillary 

action. For this, a hollow structure smaller than the outlet port can be used to draw the liquid in. The 

structure should be smaller than the outlet port radius to keep the outlet port connected to the 

induced ‘vacuum’ of 0.1 bar.   

Figure 54: Preliminary chip design showing all wanted features. The reaction section length is arbitrarily chosen here and will be designed 
in detail later on. Courtesy of C. Priest.  

 



52 
 

6.6.2. Mathematical design 
The mathematical design will be achieved by dividing the chip into three sections; Pb-precursor, Se-

precursor, and reaction section. The reaction section has a flow rate equal to 𝑄𝑃𝑏 + 𝑄𝑆𝑒 . Furthermore, 

it is expected that the HF-etching procedure does not produce perfectly rectangular channels due to 

imperfect anisotropic etching behavior. Nevertheless, the expected high ratio of channel width/height 

allows us to assume a perfectly rectangular channel geometry for simplified calculations. 

The mathematical discussion, Section 4, contains all equations and relations required for calculations. 

The rewritten formulae will not be presented as it is expected that the reader can do this him/herself. 

The used equations are the following: 

𝑝𝑐𝑎𝑝 =
2𝛾 cos 𝜃

𝐷ℎ
    Eq. 23 

Δ𝑝 = 𝑅ℎ𝑦𝑑𝑟𝑎𝑢𝑙𝑖𝑐𝑄   Eq. 32 

𝑄𝑟𝑒𝑐𝑡𝑎𝑛𝑔𝑙𝑒 ≈
ℎ3𝑤

12𝜂𝐿
Δ𝑝 [1 − 0.630

ℎ

𝑤
] Eq. 42 

𝑅𝑟𝑒𝑐𝑡𝑎𝑛𝑔𝑙𝑒 =
12𝜂𝐿

ℎ3𝑤[1−0.630(ℎ
𝑤⁄ )]

  Eq. 50 

𝑅𝑒 =
𝜌𝑣𝐷ℎ

𝜂
    Eq. 58 

𝐷ℎ =
2ℎ𝑤

ℎ+𝑤
    Eq. 60 

𝐿𝑒 = 0.05𝑅𝑒𝐷ℎ    Eq. 61 

 

 

These equations require values for the contact angle of water on OTS, 𝜃, and the surface tension of 

water, 𝛾. Furthermore, a value for the density, 𝜌, and viscosity, 𝜂, of both the Pb- and Se-precursor 

stream has to be determined. A simplification of the fluid flows was made because the true viscosity 

and density of the Pb- and Se-precursor streams have not been researched. Therefore, values for pure 

DPE and pure trioctylphosphine oxide (TOPO) were used87,88. TOPO values were used as values for TOP 

at elevated temperatures were not found in the literature. TOPO is formed by the oxidation of TOP 

and the compounds are highly related. Additionally, a temperature-independent density was assumed 

and a linear relationship was used to calculate the viscosity at any missing temperature. The used 

values are tabulated in Table 5. The water contact angle of 150 degrees was assumed as it is the limit 

for superhydrophobicity. The three different temperatures are used for; 60°C as inlet, 80°C starting in 

the orange and dark green section in Figure 55, and 100°C for the reactor.  

 

   

Water            

Contact angle 150 degrees 2.617993878 rad on OTS 

Surface tension 72.8 mN/m 0.0728 N/m Liq-Gas 

DPE           

Density 1040 kg/m3 1040 kg/m3 - 

Viscosity 1.82 mPa*s 0.00182 Pa*s 60C 

Viscosity - mPa*s 0.001425 Pa*s 80C 

Viscosity 1.03 mPa*s 0.00103 Pa*s 100C 

TOP           

Density 831 kg/m3 831 kg/m3 - 

Viscosity 10.05 cP 0.01005 Pa*s 60C 

Viscosity - cP 0.007035 Pa*s 80C 

Viscosity 4.02 cP 0.00402 Pa*s 98.5C 

Table 5: Values used for Water, Diphenyl ether (DPE), and Trioctylphosphine (TOP). The values at 

80°C were calculated via linear regression of other values. 
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It was decided to divide the chip into many smaller parts to ease calculation and the required 

iterations. Figure 55 shows the subsections, where each color indicates a calculation-subsection. It 

was also decided to use a 6-2-1 connection between the water bridge (light green/light blue) and 

reaction section (purple) to maximize fluid throughput while minimizing pressure drop and channel 

sizes to avoid water penetration. It was also deemed necessary to include an entry region with smaller 

channels to avoid water escaping through the inlet vent. A brief overview of channel sizes will be given 

below. All mathematical information is provided in Appendix E.  

Let us walk through the Pb-section in steps. The liquid enters the Pb-section 

and passes through one of the two entry channels of 1,000x130x50 μm 

(LxWxH), shown in Figure 56. The DPE pressure drop is approximately 263 Pa. 

A total time of approximately 0.04 s is expected here. The liquid then meets 

the 7,000x510x50 μm water bridge, indicated in light green in Figure 55. The 

center of the six exit channels is located at 6235 μm from the DPE inlet. The 

pressure drop associated with this part of the water bridge is expected to 

equal 675 Pa. The time spent here is approximately 0.54 s. The 6-2-1 

connection is shown in Figure 57. It starts with six small 3,000x90x50 μm 

channels, as indicated in yellow in Figure 55. These channels have a pressure 

drop of 443 Pa and DPE spends 0.27 s here. The orange section contains the 

2-1 connection and starts with two 9,000x270x50 μm channels in parallel, 

giving an expected pressure drop of 766 Pa. Time spent here approaches 0.82 

s. The second part of the orange subsection is a 49,000x620x50 μm sized 

channel having a pressure drop of 3,379 Pa and a calculated timing of 5.12 s. 

The DPE section, therefore, has a total pressure drop of 5,526 Pa and the 

fluid takes approximately 6.79 s to pass through in the ideal case.  

The Se-section starts with an identical entry port of 1,000x130x50 μm (LxWxH). Though, this port has 

a significantly higher pressure drop of 435 Pa due to the higher viscosity. Furthermore, the time spent 

here is approximately 0.15 s, which is also longer than its DPE counterpart. The center of the 6-2-1 

connection on the Se side is located 4,620 μm from the water bridge entrance, as shown in light blue 

in Figure 55. This gives a pressure drop of 828 Pa and a residence time of 1.33 s. The small channels, 

indicated in black, have a size of 2,000x110x50 μm. The associated pressure drop is 364 Pa and the 

flow time equals 0.74 s. The first part of the 2-1 connection, indicated by dark green in Figure 55, is 

5,000x220x50 μm. It has a pressure drop of 796 Pa and a residence time of 1.24 s. The final channel 

before entering the reactor has a size of 18,610x410x50 μm, a pressure drop of 2,952 Pa, and a 

residence time of 4.29 s. Therefore, the Se-section has a total calculated pressure drop of 

approximately 5,375 Pa and a residence time of 7.74 s.  

Figure 56: The two parallel entry 
channels as designed in AutoCAD. 
The top circle indicates the inlet 
port. 

Figure 55: The chip is divided into many smaller subsections to ease the mathematical design. 
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The water bridge in this design has a volume of 1.79E-10 𝑚3. Therefore, the first channel arm 

(indicated by the red arm in the red square in Figure 55) must be at least equal to this size. The same 

goes for the opposite side, indicated by dark blue. The water collection arms have a size of 

22,700x250x50 μm in the AutoCAD design. This size was calculated from the straight channels and 

does thus not include the bends seen in Figure 59. A total volume of 2.84E-10 𝑚3 was designed. This 

is an overdesign of approximately 59%.  

Both streams collect and move through the reactor part simultaneously. 

The streams pass through a nozzle to adjust the flowing speeds through 

the reactor, as seen in Figure 58. A ratio equal to that of the Pb/Se inlet 

volume ratio is used for determining the nozzle size ratio. The reaction 

section indicated in purple in Figure 55, has an allowed pressure drop of 

approximately 85,874 Pa. A size of 700,000x550x50 μm has been designed. 

This gives an average flowing speed of 14 mm/s and a residence time of 50 

seconds. The complete AutoCAD design of the bottom slide is shown in 

Figure 59. The actual AutoCAD design has a reactor length of 691,000 μm, 

this is an underdesign of 1.3%. This underdesign is not expected to severely 

alter the calculated outcome. The spacing between two consecutive 

reactor channels is equivalent to the reactor channel width. 

Lastly, the Reynolds number and corresponding hydraulic entrance length were calculated for each 

subsection. The maximum Reynolds number according to the mathematical model is 0.94 and appears 

in the entry channels of the Pb-precursor side (Figure 59, top left corner). The maximum hydraulic 

entrance length, the same channel, did not exceed 0.34% of the total channel length. Therefore, it is 

concluded that the assumptions made for this model are correct. These include a steady-state Hagen-

Poiseuille flow (Section 4.7), flat and very wide channels (end of Section 4.7), negligible entrance and 

exit lengths (Section 4.9), and negligible pressure drop across pipe bends due to extreme laminar flow 

(Section 4.9).   

  

Figure 57: AutoCAD drawing of the Pb-section 6-2-1 connection from water bridge (left) to reactor 
(right). The circle indicates a closed port used for filling the water bridge with water. 

Figure 59: Complete overview of the designed microchip bottom slide. DPE indicated the Pb-precursor side and TOP 
indicates the Se-precursor side. 

Figure 58: Reactor inlet nozzle to 
adjust flow speeds of Pb/DPE (left) 
and Se/TOP (right). 
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7. Conclusion 
The goal of this project was to design and engineer a microchip fit for space and capable of successfully 

synthesizing quantum nanocrystals, i.e. an in-situ and real-time quantum dot production in space. 

During this thesis, this goal was divided into two main sections, being synthesis design and chip design.   

Firstly, the CdSe synthesis as proposed by Don Tran was deeply investigated. Both the emission graphs 

and HAADF STEM images showed that this synthesis was not suitable for our proposed IR-emission 

goal. The problem of quantum dot aggregation was raised and proven as a clear change in emission 

spectra was noticed after just 9 days of lab storage. HR-STEM imaging visually showed a decrease in 

particle size between the fresh and 9-day old sample: the average particle size decreased from 3.16 

nm to 2.82 nm for a sample with a synthesis reaction time of four minutes. It is known that a decrease 

in particle size blue shifts the emission spectrum and the results in this thesis are in strong agreement 

with the aforementioned. The quantum dot aggregation strongly substantiated our suggested in-situ 

and real-time nanocrystal production.  

After the CdSe synthesis was disproven, a new synthesis was suggested. A PbSe synthesis was chosen 

as literature mentioned that it could reach IR-emission much quicker than CdSe. Several PbSe batch 

experiments were performed and this was proven to be true: the average emission peak of four 

different 1-minute PbSe batch experiments was 1,160 nm with a standard deviation of 26 nm. 

Therefore, it was concluded that the PbSe synthesis was capable of quickly reaching the set emission 

goal of 1,100 – 1,300 nm.  

This concluded most of the synthesis design, the first section of this thesis. Though, as a final stretch, 

the microbatch chip as designed by Don Tran was selected to perform both CdSe and PbSe 

microvolume syntheses. No detailed information was available regarding the heating capability of the 

microheater present in this chip. Several heating tests were performed to determine the most 

accurate temperature measurement method. Also, a test was done to determine the time required to 

reach a set temperature of 100°C. It was concluded that a thermal camera was most responsive to the 

quick temperature change. Following this, it was shown that a short 20-second burst with a power of 

6.34 W was enough to reach the PbSe temperature of 100°C. It took the chip 40 s at 6.34 W to reach 

the CdSe synthesis temperature of 150°C.  

The two syntheses were performed after acquiring this heating data and both showed several 

problems with the microbatch chip. Firstly, the CdSe microsynthesis emission graphs showed no 

significant change in emission before eight minutes. Therefore, it was concluded that no significant 

particle growth occurred in the microbatch reaction environment, again showing the ineptitude of the 

chosen CdSe synthesis. Secondly, the PbSe microsynthesis appeared to be more promising as 

differences in peak emission were noted. However, this peak emission was at higher energies than 

that of all batch experiments and it was argued that this was due to the change from hot-injection 

batch synthesis to heat-up microbatch synthesis. This change results in more time required to reach 

the efficient reaction temperature and thus shortens the overall effective reaction time. Ultimately, a 

total of three 1-minute PbSe microbatch experiments were performed which gave an average 

emission peak of 1,040 nm with a standard deviation of 61 nm. This peak emission is at significantly 

higher energy than that of the batch. Also, the stark increase in standard deviation indicated that the 

microbatch chip provided a less reproducible reaction environment. This dissertation noted that the 

lack of active mixing can be a major cause of these issues: only natural convection arising from a 

change in fluid temperature and density ensured fluid movement here on Earth. A change in density 

will not result in mixing in a microgravity environment. Consequently, it was concluded that 
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microvolumes can be heated and processed quickly but that the quantum dot reproducibility in and 

overall space applicability of the microbatch environment is not acceptable.  

Ergo, a concept for fluid flow in a microchip under microgravity was developed. The design as 

proposed by Shaokun Shen was further refined. Both capillary and pressure-driven flow elements are 

strongly present in the designed chip. The chip was engineered in such a way that the vacuum of space 

would initiate fluid movement. The chip, furthermore, employs both micro- and nanochannel 

geometries for precise flow control. Argued was that incorporating active flow and moving to 

microscale will allow both the compartmentalization and process intensification of the chosen 

reaction scheme, ultimately strengthening the space applicability of the chip.  

The need for compartmentalization was shown by a simple long-term precursor storage experiment. 

For this, both PbSe precursors were stored in a closed vial under identical conditions for eight weeks. 

This experiment showed that the lead precursor collected at the bottom and was not long-term stable. 

Thus the chip design was rather complex and consisted of several connected parts. To this extent, a 

fool-proof valve concept was proposed to avoid premature chip activation. The chip was based on a 

simple physical barrier blocking the flow. A simple miscibility test showed that water was suitable as 

a barrier between the solvent storage and precursor preparation section because none of the solvents 

exhibited strong water miscibility. Furthermore, an OTS coating was chosen and the contact angles of 

solvents and precursors were tested to check whether capillary pressure could hold the water bridge 

in place. This was indeed the case.  

Finally, it was decided to only engineer the reactor part and water bridge connection as time was of 

the essence. A mathematical model was created to determine the chip geometry and channel sizes, 

which ranged anywhere from 3 μm for the nanochannel width to 620 μm for the DPE inlet width. An 

average flowing speed of 14 mm/s and residence time of approximately 50 s throughout the reactor 

was calculated. The final design had a small underdesign of 1.3% but this was not expected to 

significantly influence the calculated results. Lastly, the Reynolds number and corresponding entrance 

lengths were calculated. These values were extremely low, as expected, and the assumptions for the 

model were validated. Currently, the chip is being produced by the ANFF-SA. 
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8. Future outlook 
Much progress has been made during this thesis but there is more than enough left to do. This section 

will sum up several suggestions for the next students. Again, this will be divided into two sections. The 

suggestions are kept short clarity’s sake. 

Chemical synthesis 

- It is suggested to research the actual electro-optical spectrum of a satellite. The peak 

emission in this thesis was arbitrarily chosen and is by no means correct; 

- A new and more suitable synthesis should be found for the true satellite spectrum; 

- Both temperature and reaction time should be minimized to quicken the reaction; 

- The absolute efficiency of quantum dots should be checked, i.e. the true brightness. This 

thesis did not focus on the brightness of the quantum dots but focused only on the 

location of the peak;  

- The use of TOP over DOP is questionable. Argued was that secondary phosphines (e.g. 

DOP) are entirely responsible for the nucleation of QDs89. Therefore, it is suggested to 

check this in more depth. 

Microchip design 

- The chip designed in this thesis should be tested and analyzed. A ‘user manual’ is present 

in a document separate to this one; 

- The wax valve material and concept should be refined. The current chemical, camphor, 

readily dissolves in the used solvents; 

- More stages should be added to the chip, being the precursor preparation and solvent 

storage. These are currently combined by introducing premade precursors into the chip; 

- True values for density, viscosity, and any other necessary characteristics of the used 

solvents and precursors should be determined at all temperatures; 

- The chip should be tested in exo-atmospheric conditions such as zero-g and vacuum;  
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March 3. Lastly, an abstract was submitted to attend the COSPAR 2020 Space Conference held in 

Sydney in August. We will not partake in this personally, but our research group might.  
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Appendix A – CdSe TEM/FFT analysis 
 

A) TEM   B) Diffractogram  C) FFT  
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A) TEM   B) Diffractogram  C) FFT  
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Appendix B – Plots of visual data 
 

Repeat experiment of Figure 35 

 

 

 

 

 

 

 

 

 

 

 

 

Full version of Figure 36 
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Full version of Figure 38 

 

 

 

 

 

 

 

 

 

 

 

 

Comparison of four different 1-minute PbSe batch peaks   
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Appendix C – MEMS measurement methods & thermal pictures 
 

A) IR Camera  B) IR Laser  C) Hotplate thermocouple  

D) Hotplate thermocouple with insulation  
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Thermal photo of a CdSe microbatch experiment 

 

 

 

 

 

 

 

 

 

Thermal photo of a PbSe microbatch experiment 

 

 

 

 

 

 

 

 

 

Addition of Se to TOP  
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Appendix D – Clean chip schematics and release mechanism 
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The rest was created by C. Priest. 

 

 

Schematic of water bridge and full chip 
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Appendix E – Mathematical chip design  
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Appendix F – Final chip design clean schematic 
 

Bottom slide – 50 μm deep channels 
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Top slide – 1 μm deep channels  

 


