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Abstract         

Quantum dots (QDs) were suggested a decade ago as a means of spectral decoy to divert rocket 
attacks from flying objects such as satellites but never found industrial applications yet. A possible 
reason is that these advanced nanomaterials are unstable in the long-term under the forces exhibited on 
a flying object and the nanoparticles might agglomerate to form larger microparticles, which have a 
different, unwanted spectral footprint. This work proposes an on-board (in-situ) real-time synthesis of 
quantum dots on a satellite as a result of an interdisciplinary innovation that combines nanomaterial 
chemistry, heating, and mixing with batch microfluidics, and microfabrication of a miniaturized chip. 
We employed a microchip as the in-situ reaction chamber due to its capability fast, compact synthesis. 
The implementation of the micro-reactor, on the other hand, leads to other fundamental challenges that 
need to be solved as compared to the standard microfluidic chip-based synthesis. Firstly, pumps are far 
too bulky and heavy for satellite applications. Robust pump-free fluid motion is imperative. Secondly, 
the synthesis has to be accomplished in less than 180s, equivalent to the typical time a rocket needs to 
reach the satellite from the ground. Thirdly, the quantum dots need to be tailored in the type of material 
and size to replicate the spectral signal of the to-be-protected space asset. Last, the synthesis process 
needs to be robust and resilient to work reliably and automatically under the demanding conditions of 
a flying object. As a candidate based on literature proposition In this study, we selected cadmium 
selenide (CdSe) and lead selenide (PdSe) as the materials of choice. Our synthesis process aims to 
simplify and tailor CdSe and PdSe quantum dots to match the above demands. With this motivation, 
the produced quantum dots were characterized by their wavelength emission spectra and high-angle 
annular dark-field scanning transmission electron microscopy (HAADF STEM) images. While the 
chosen CdSe-based synthesis was unable to reach IR-emitting sizes within several minutes, we managed 
to meet all other research targets. Accordingly, PbSe has been suggested as a new candidate to reach 
NIR-emission within a strict timeframe as reported by Lu et al1. Results show that both CdSe and PdSe 
quantum dots have been successfully synthesized within 10 minutes and provide a spectrum in the UV-
Visible range of 365 nm to 850 nm with an excitation wavelength of 350 nm.  This work finally provides 
insights into the limits of batch synthesis in a microfabricated nanodot chip, such as the need to improve 
reproducibility and enhance particle growth. Based on this learning, we propose a self-priming flow 
microchip synthesis can capitalize mixing as a key asset to overcome those limits. 
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1.  Introduction 

Space is becoming increasingly important for humanity. It is thus essential to start considering the 
vulnerabilities of space assets, which hazards are present, and solutions to mitigate these hazards2–7. 
Threats to space assets, in particular satellites, include those from the natural space environment such 
as solar storms, while others connect to an artificial source such as cyber-attacks, space debris, directed 
energy weapons, and physical attacks from extreme countries8–10. Currently, no unique countermeasure 
system is available to protect space from the complete spectrum of these threats. Therefore, innovative 
and specialized protection means have to be designed.  

Physical attacks on satellites manifest as an X-to-space missile where X indicates surface, air, or 
space. These anti-satellite weapons have been of great interest for decades. The first successful satellite 
hit was reported in September 1985 and launched from an F-15 fighter jet11. Roughly 20 years later, in 
January 2007, China deliberately shot down one of its defunct weather satellites. This anti-satellite 
(ASAT) test received much criticism as the collision created a significant amount of trackable space 
debris predicted to remain in orbit for decades12,13. The question of ‘space superiority’ was raised once 
again as the past decade has seen an increase in successful ASAT tests. The USA reportedly shot down 
one of their defunct reconnaissance satellites in early 200814, while Russia took down one of their 
satellites in November 201515, and India showed its ability back in March 2019, claiming that mission 
Shakti only took 168 seconds16. 

Designing a proper decoy or protection system relies on understanding the detection mechanisms 
used by incoming attackers. Various types of precision targeting mechanisms exist such as incorporated 
satellite navigation, laser guidance, high-definition radars, and advanced radiation-seekers (e.g. 
infrared)17.  

Such infrared radiation-seeking missiles, also known as heat-seeking missiles, have been highly 
effective in target acquisition and annihilation in the past18. There are various methods to protect 
atmospheric assets against these threats, among which a flare is a well-known example. These 
pyrotechnic compositions are based on magnesium, Teflon, and Viton (MTV-flares) and function as 
IR-decoy flares19–21. However, their capability to generate intense blackbody radiation signatures is 
inhibited by the anaerobic space environment, rendering combustion-based decoys undesirable. Yet, 
another suggested protection method is an IR radiation-seeker missile jammer18. However, this active 
defensive system exhibits severe limitations due to the extreme standoff range of 100 – 1,000 km and a 
high target velocity22,23. Huang et al. proposed a combination of quick maneuvers with the deployment 
of IR decoys as a viable defense strategy24. Nevertheless, quick and erratic maneuvers are practically 
difficult in space, especially when the space asset is autonomous.  

Considering the daunting challenges in the previous systems, an American defense and technology 
company, Raytheon, pioneered in employing quantum dots as an optical decoy system. The concept 
patented by Raytheon overcomes the problems in the conventional systems by the dispersion of a cloud 
of quantum dots with electro-optical properties25. This approach encompasses a passive countermeasure 
tailored to the to-be-protected space asset that can deceive and dazzle the incoming attacker. 

These quantum dots are nanometer-sized particles with geometric nanocrystal radius less than the 
Bohr exciton radius of the corresponding bulk material, enabling the quantum confinement effect for 
the exciton26. 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 results in the energy levels of the exciton being quantized rather than continuous due to 
the confinement in three spatial dimensions. The quantum confinement effect allows size-tunable dot 
emissions26,27. Theoretically, a replica of almost any given spectrum can be achieved by a proper 
combination of quantum dots.  

Our present work aims to leverage on the technology previously mentioned in the Raytheon patent 
and make it more suitable for space applications. The original idea of Raytheon suggests that the 
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quantum dots are prefabricated on Earth and subsequently transported into space. However, 
prefabrication and long-term storage of quantum dots can result in electro-optical decay of the dots, 
eventually leading to a decrease in the decoy capabilities of the overall system. This is because IR-
emitting nanodot materials are prone to oxidation from any oxygen remaining after atmospheric 
production1,28,29, which will change the expected decoy emission behavior. Furthermore, the difficulty 
in stabilizing colloidal quantum dot suspensions can lead to an aggregation of nanocrystals that is 
problematic for long-term storage26,30,31. This issue is especially severe in space as the high-energy and 
gravity environments, especially during launch, promote aggregation of these colloidal mixtures.  

Herein, we propose an in-situ production of quantum dots to avoid the above problems. It is 
important to define the desired IR-spectrum emitted by the in-situ produced quantum dots. A replica of 
a satellite spectrum is ideal, yet this is difficult to implement as no clear optical spectrum has been found 
in the literature. The Raytheon patent provides a satellite spectrum with an onset of roughly 4,000 nm 
and a width of over 7,000 nm. The extreme width of this spectrum is impossible to imitate at this point 
using a single chip. Therefore, we decided to set a new and more specified mock-spectrum goal to steer 
the chip design. We also approached the MVT-flare, whose peak emission is widely used in aircraft 
defense mechanism. Thus an emission peak of roughly 1,300 nm is desirable for our chip32.  

Moving chemical synthesis from well-known atmospheric conditions to the exo-atmospheric 
conditions found in space results in several challenges that need to be addressed. Several strict 
limitations imposed by the predicted synthesis environment thus strongly affect the ultimate reactor 
design. These challenges include:  

• Microgravity: Strongly decreasing gravitational field strength makes non-gravitational effects 
dominate in handling liquids in space. Effects such as thermosolutal, phase-change, 
surface/interfacial tension, and electric/magnetic fields dominate over convection33,34. 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 machinery33. 
This fluctuating microgravity environment severely decreases the reproducibility of chemical 
synthesis, making a gravity-reliant-batch synthesis undesirable. Furthermore, the strong decrease 
of natural convection leads to the requirement for complex compensating systems. 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 hinders the use of outer-space as an 
external heat-sink. A decoy system will, therefore, experience significant temperature fluctuations. 
Internal conduction can occur and will decrease the maximum temperature fluctuations. Moreover, 
low vacuum level space forces many solvents to immediately start boiling as the absolute pressure 
is below the vapor saturation pressure.  

• Weight: Moving chemistry to space drastically increases the overall decoy system 
operating/launching cost. 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 launchers35. 
Therefore, minimizing the weight of the decoy system is certainly required to suppress the overall 
cost.  

• Limited human interaction: The decoy system is expected to be a 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 possibilities of the decoy reactor. We propose to explore a 
pump-free fluid transport mechanism as a key prerequisite to conducting the 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 and 
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capillary force dominate in microfluidics. Employing microfluidics can significantly reduce overall 
weight as capillary effects eliminate the need for active and heavy pumps. The lack of gravity is an 
advantage in these microcapillary systems as the fluid rise is not limited by the gravitational body-force. 
Moreover, moving to the vacuum of space creates a pressure difference between the enclosed chip 
chambers and the space environment, allowing for a weightless pumping motion. The temperature and 
pressure conditions in space limit the decoy system to 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.  

Predictability and reproducibility are of key importance as the synthesis needs to perform exactly 
as expected and designed, even after being standby for a long time. Advances in nanocrystal synthesis 
have enabled a relatively monodisperse and highly crystalline production process36–38. Currently, 
quantum dots are often prepared using a hot-injection based batch process, in which one precursor is 
rapidly injected into a heated flask containing the other. The quality of these dots depends on 
macroscopic effects such as overall temperature and concentration but is also strongly affected by 
microscopic factors such as concentration fluctuations, local temperature variations, and stirring rates. 

A continuous flow system operates in a steady-state regime with enhanced synthesis control and 
reproducibility. Scaling down the overall reactor dimensions to micrometers increases the surface-to-
volume ratio, improving heat and mass transfer, and allows for precise temperature control39,40. The 
benefits of moving to microfluidic synthesis are (I) high surface-to-volume ratio, (II) high heat and 
mass transfer, (III) efficient mixing, (IV) better temperature control, (V) continuous production, and 
(VI) a decrease in reagent consumption. Microfluidic devices can significantly reduce the necessary 
reaction time and thus suit our proposed application. Tian et al.41 developed a novel microfluidic method 
to synthesize full-color emitting CdSe dots and reported a good monodispersity while decreasing the 
amount of Cd used. Visaveliya et al.42 presented a microfluidic-assisted reproducible synthesis of 
several fluorescent polymeric nanoparticles with tuned size and surface charge. Moreover, Kubendhiran 
et al.43 recently published a review about the microfluidic synthesis of semiconducting colloidal 
quantum dots and their applications. 

Moving the entire quantum dot production process to space requires the creation of well-designed 
syntheses and microchips. From an economic point of view, this approach was considered not feasible 
at the start of our research. Thus, we focused on proof-of-concept tests with a visible, well-known 
reaction scheme, rather than a lesser-known but more suitable synthesis. A suitable and relatively simple 
quantum dot synthesis thus had to be found. Minimizing the number of reaction steps strongly decreases 
the complexity of the decoy chip. For this, we have chosen to modify the methodology proposed by 
Kikkeri et al44. This modification entails changing from micro-reactor to batch synthesis, increasing the 
amount of lauric acid to promote CdO dissolution, and applying a heating bath for a heat-up batch 
synthesis.  

2. Experimental section 
2.1.  Materials 

+ CdSe QDs were synthesized using the following chemicals: 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. 

+ PbSe QDs were synthesized using the following chemicals:: 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. 

2.2. Methodology 
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2.2.1. Preparation of quantum dots in batch reactor 

Preparation of CdSe QDs:  CdSe QDs of different sizes were synthesized according to our slightly 
modified methodology as proposed by Kikkeri et al44. 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 by adding selenium (80 mg, 1.0 mmol) to trioctylphosphine (2.0 mL) and stirred at 500 rpm 
until the solution turned clear. 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. Small samples were taken at a reaction time of 30 seconds, 1, 2, 3, 4, 6, 
8, and 10 minutes.  

Preparation of PbSe QDs:  PbSe QDs of different sizes were synthesized according to the procedure 
mentioned by Tan et al.45. 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. Small samples 
were taken at a reaction time of 1, 2, 3, 4, 6, and 10 minutes. 

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. 

2.2.2. Preparation of quantum dots in microreactor 
2.2.2.1. Construction of the microreactor 

 
Fig. 1  Fabrication of reaction chamber using silicon carbide. (A) A schematic sketch of the 

fabrication flow; (B) A photograph of a transparent 6-inch SiC-on-glass wafer; (C) The 
surface morphology of the SiC film. 

We developed the heater for the in-situ synthesis using cubic silicon carbide (3C-SiC) nano-
thin film, Figure 1A. Silicon carbide was selected due to its chemical inertness that avoids undesirable 
reactions between the heating element and reactants. Its optical transparency also enables observation 
of chemical reaction with a standard inverted microscope for earth-based synthesis development. Our 
fabrication process started with the low-pressure chemical vapor deposition (LPCVD) at 1,250℃, to 
epitaxially grow single-crystal SiC on to standard 6-inch silicon (Si) wafer. The capability of depositing 
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thin films of SiC onto a low cost and ubiquitous Si substrate can reduce the material cost, while at the 
same time enabling mass production through wafer-scale-level micromachining. To eliminate the heat 
conductance to the Si substrate as well as to avoid the current leakage from SiC to Si at elevated 
temperatures, we employed wafer anodic bonding to transfer the 600 nm-thick SiC film onto a glass 
substrate, Figure 1B. Details for the anodic bonding process and subsequent Si removal can be found 
in our previous study46. The thickness of the film was measured at 600 nm, while its surface morphology 
was characterized using AFM showing an RMS roughness of below 2 nm, Figure 2C. The carrier 
concentration was measured using Hall effect measurement and was found to be approximately 1019 

cm-3, sufficiently high to function as a heating element47. 

We deposited a 300 nm-thick aluminum film onto the SiC/glass wafer using sputtering. A positive 
photoresist layer (AZ5214) was then spin-coated and developed, following by Al etching (in 
H3PO4+HNO3+CH3COOH etchant) to form the electrodes. The photoresist was then stripped using O2 
plasma and several heaters with dimensions of 10 mm × 10 mm were diced from the SiC/glass wafer. 
Subsequently, wire bonding was applied to connect the Al electrode pads to the external copper PCB 
board for testing. Finally, an acrylic reservoir (patterned using laser machining) with the inner 
dimension of 6 mm × 6 mm was attached to the top surface of the SiC chip to constrain the heating 
chamber. 

2.2.2.2. Synthesis of QDs in microreactor 

Both CdSe and PbSe microbatch experiments were performed using the synthesis described in the 
previous two sections. A micro electro-mechanical system (MEMS) microbatch reactor was constructed 
and used for the synthesis. The total available reaction volume of the microbatch chip is 200 μL (see 
Figure 2). This meant a ratio of 1:1 for the Cd:Se precursors and 3.35:1 for the Pb:Se precursor ratio, and 
a total volume of 100 μL for both the Cd- and Se-precursor in the CdSe microbatch experiment. Volumes 
of 154 μL Pb- and 46 μL Se-precursor were used in the PbSe microbatch synthesis. All precursors were 
added at their preparation temperature. The CdSe microbatch test was performed for 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. 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. The required reaction temperatures could be reached quickly by employing the microheater, 
making it a viable heating method for microsyntheses. 

The microbatch reaction vessel heaters were connected to a DC power supply. The reaction chamber 
was placed in a plastic box, Figure 2. An active argon flow was applied during the PbSe experiments but 
this was not done during CdSe experiments. The syntheses were done at atmospheric pressure. 
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Fig. 2  CdSe & PbSe microbatch setup. (a) IR temperature measurement, with a red laser light 
illuminating the reaction chamber. (b) an inert atmosphere was created by an active argon flow 

2.3. Sample analysis 

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. 

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. 

Analysis of structural properties:  HAADF STEM images were acquired using an aberration-
corrected FEI Titan Themis 80-200 operating at 200 kV, 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 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.  

3. Results and Discussion 
3.1. CdSe quantum dots 

The CdSe quantum dots were produced as outlined in the experimental section. Analysis of their 
key properties was done within a short time after production to avoid any potential degradation. The 
final product was analyzed as-synthesized; thus no purification steps were performed unless necessary. 
We decided to use the unpurified product as this would most closely simulate the real conditions in 
which the quantum dots would perform. The quantum dots dispersed into space to mimic a space asset 
radiation signature would 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 
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Shakti, which is 168 seconds. Figure 3b shows a visual validation proving the creation of visible-light 
emitting quantum dots. Figures 3a and 3b indicate 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. The results show that our reaction scheme 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 samples 2.0 to 3.0 minutes, 
as shown in Figure 1b, is due to the reflection of light emitted by the 4.0-minute sample. Actually, high 
reaction temperatures (~300°C) usually result in fast nucleation, and large nanocrystals are quickly 
obtained. In this study, at low temperatures which is 150°C, the size of the nanocrystals and the 
concentration of the unreacted precursors in the mixture can be balanced. Thus, continuous nucleation 
is suppressed, the residence time distribution (RTD) is narrowed, and homogeneous QD fractions are 
obtained by varying the reaction time. The homogenous reaction mixture and slow nucleation results in 
a mild process for the production of QDs using microreactors. 

 
Fig. 3  Synthesized CdSe quantum dots in (a) room light and (b) excited at 350 nm. An increase in 
wavelength is shown for increasing reaction times. 

One can explain the time difference between nucleation and growth by noticing that the chosen 
reaction scheme is considered a colloidal heat-up synthesis route. The classical colloidal route consists 
of three major processes: (I) monomer generation resulting in (II) nucleation followed by the (III) 
growth of seeds26,36. The chosen heat-up approach is a single-pot nanocrystal synthesis where all 
constituents are mixed before heating. Heating the mixed solution initiates both nucleation and 
successive particle growth. Thermal degradation of the precursor into monomer increases 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 slow 
growth of our samples indicates that this nucleation threshold was reached early due to the separate 
precursor preparation. The subsequent reaction temperature was not high enough to sufficiently 
promote new monomer generation and particle growth. Therefore, preheating the precursors is 
suggested for the next quantum dot material. 

3.1.1. CdSe optical properties 

The samples were analyzed for their emission spectrum in the UV-Visible range of 365 nm to 
850 nm with an excitation wavelength of 350 nm, shown in Figure 4. Furthermore, the peaks and 
FWHM observed for each sample are tabulated in Table 1. The results show that the observed 
wavelength emission peak of each sample corresponds to the luminescent property observed under the 
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UV-light. The analyzed peaks are broad compared to those reported by Kikkeri et al44, possibly due to 
the simplification of our reaction scheme. Our CdSe quantum dots are highly tunable for emission yet 
are unable to reach the predetermined 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 the increasing 
inaccuracy of the FluoroMax-4 at higher wavelengths, leading to a strong increase in the emission 
correction factor of the instrument.  

Figure 4 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 negative48. That 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 time36. We would expect the standard deviation of the size distribution, 
also known as the FWHM, to decrease too but the opposite appears to be the case. This result was also 
noted by Kikkeri et al44. 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 
to show whether the chosen solvents are optically suitable for our protection system. 

 
Fig. 4 CdSe fluorescence spectra excited at 350 nm. Graph is normalized for each peak. CdSe shows 
strong size-tunable emission as expected 

Table 1 Fluorescence wavelengths of different reaction times and corresponding FWHM 

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 -- 
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3.1.2. 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 laboratory 
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 5 shows the emission spectra of the samples. The corresponding peak values are 
tabulated in Table 2. A blue-shift in the emission peak of 16 nm from 610 nm to 594 nm was observed 
for the 4-minute sample and a shift of 103 nm from 718 to 615 nm for the 8-minute sample. This blue-
shift indicates a change in particle size. We conclude 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 as expected. Even though it is not possible to determine an exact decay 
speed, Figure 5 does show the need for real-time quantum dot production. 

A high-resolution STEM analysis has been performed on these samples. The quantum dots 
were purified as described in the experimental section. The sonication used for purification might 
change the original morphology, and we, therefore, assumed that the STEM pictures are a ‘best-case 
scenario’, being as close to the synthesis result as can be. 

The STEM and HAADF images show the coagulation of quantum dots for both samples. An 
increasing amount of interparticular material bridges was formed. Figure 6 shows the STEM images of 
a 4- and 8-minute sample after 9-day storage, and a fresh sample from a different batch synthesis with 
a reaction time of 4 minutes. Figure 7 shows HAADF images obtained from the 9-day storage of a 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 
rods49,50. 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 8 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 decrease of the largest particle sizes is seen as well as 
a strong increase in particle sizes around 2 nm. Though, the difference in the number of particles 
counted must be noted; 𝑛𝑛 = 939 for ‘Fresh’ and 𝑛𝑛 = 209 for ‘9-day Old’. This difference explains the 
apparent roughness of the 9-day distribution as compared to the fresh distribution. The ‘Fresh’ 
distribution has a mean of 3.16 nm with a standard deviation of 0.72 nm, whereas the ‘9-day Old’ 
distribution showed a decrease in the average particle size of 10%. A mean of 2.82 nm and a standard 
deviation of 0.62 nm was found after storage. These values agree with the general decrease in both 
particle size and FWHM as seen by optical analysis. 

 

 

 

 

Table 2 Fluorescence wavelengths of different reaction samples and corresponding FWHM 

Sample Emission Wavelength  

Peak (nm) 

FWHM 

(nm) 
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4 min fresh 610 228 

4 min 9-day old 594 200 

8 min fresh 718 -- 

8 min 9-day old  615 242 

 

 
Fig. 5 Fluorescence spectra of fresh and aged CdSe excited at 350 nm. The graph is normalized for 

each peak. A notable emission change is visualized. 

 

Fig. 6 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 fesh sample with a reaction time of 4 minutes. A 

strong coagulation of particles is shown. 
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Fig. 7  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. 

 

Fig. 8 Particle size distribution of (a) 4 min fresh sample with 939 measured dots having �̅�𝑥 = 3.156 
nm, 𝜎𝜎 = 0.716 nm (b) 4 min 9-day old sample with 209 measured dots having �̅�𝑥 = 2.817 nm, 

𝜎𝜎 = 0.618 nm. A decrease in average particle size is noted. 

3.2.  PbSe quantum dots 

The PbSe quantum dots were produced as outlined in the experimental section. 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. We 
decided to use the unpurified product as this would most closely simulate the real conditions, where the 
quantum dots would perform as a decoy without further purification. The quantum dots dispersed into 
space to mimic a space asset radiation signature cannot 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. In contrast to the CdSe quantum dots, a quick visual check was not possible because PbSe emits 
in the invisible NIR region. Though, the color change of the reaction mixture indicated a successful 
quantum dot synthesis. 

3.2.1.  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 
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measuring the fluorescent emission ranging from 1,000 – 1,500 nm. Figures 9a and 9b 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 was used 
for the acquisition of other fluorescence spectra. 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. 

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 spectra in Figure 10, 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, deems suitable to reach our 
mock-spectrum. Figure 10 shows, in agreement with that reported for CdSe (Figure 4), a decreasing 
growth rate. Furthermore, the FWHM ultimately also broadens for PbSe particles. 

 
Fig. 9  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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Fig. 10  PbSe fluorescence spectra excited at 530 nm. Graph is normalized for all peaks. PbSe shows 

strong size-tunable emission as expected  

Table 3  Fluorescence wavelengths of different reaction times and corresponding FWHM 

Sample Emission Wavelength  

Peak (nm) 

FWHM 

(nm) 

1 min 1200 180 

2 min 1365 175 

3 min 1295 185 

4 min 1315 180 

6 min 1325 215 

10 min 1410 240 

 

3.2.2. 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 visible absorption as this will decrease 
the amount of light available for PbSe particles. The solvents tested were oleic acid (OA), diphenyl 
ether (DPE), and trioctylphosphine (TOP), all of which found use in the PbSe synthesis. Figure 11 
shows visible light absorbance spectra, which are normalized to the maximum absorbance of the 
sample. The spectra show 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 9). It is worth noting that 
these graphs do not agree with each other. Figure 7 shows a maximum excitation response at 530 nm, 
whereas Figure 11 shows a maximum absorbance at 435 nm. This disagreement is due to the simple 
and incorrect subtraction performed to obtain Figure 11. The subtraction does not take the actual solvent 
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ratio into account as an exact ratio is unknown and this subtraction is, strictly speaking, incorrect. The 
subtraction merely provides an indication that PbSe absorbs visible light yet is not the only constituent 
absorbing light. Figure 9 shows the actual excitation vs emission behavior. 

 
Fig. 11 Visible light absorbance of PbSe and solvents. Graphs is normalized to maximum value 

of PbSe. Significant UV-absorbance is shown for oleic acid 

Figure 12 shows the IR-fluorescence spectra obtained for the solvents excited at 530 nm to 
check whether the emitted IR spectrum is completely caused by PbSe particles or the solvents. The 
emission of diphenyl ether, oleic acid, and trioctylphosphine was measured from 700 nm to 1,700 nm 
and normalized to the average peak value of the PbSe dots. Chloroform (Chloro) was also checked 
because it serves 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 from 1,380 nm onwards is due to 
a grid change within the machine.  

 
Fig. 12 NIR fluorescence of PbSe synthesis solvents and chloroform. Values are normalized to the 

average PbSe peak fluorescence intensity. None of the used solvents exhibit notable IR-
fluorescent emission. 
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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 13 shows the visible fluorescence 
spectrum with 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 13 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 7. The oleic acid emission is mostly absorbed by the PbSe particles as shown by the 1-
minute PbSe sample in Figure 13. 

 
Fig. 13 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. 

3.2.3. PbSe synthesis in a microbatch chip 

Having developed the reaction scheme, delivering nanodots of the right spectral footprint for 
the application considered here, the next step is developing a microfluidic synthesis on a satellite under 
the outer space conditions. The scope of this paper cannot cover all complex space challenges for a 
microfluidic synthesis; such as the automatic self-priming, mixing and synthesis, which are left for 
future works. What can be delivered as the first step is developing and validating a heat-up procedure 
in a compact-format microchip facing the harsh, space-cold conditions and the stringent time 
requirement to react to a missile attack. In this sense, and to simplify the reaction scheme to pragmatic 
process design for a microchip experiment, we added both precursors at the same time in a microbatch 
with an integrated heater and then heated them together to reach the necessary reaction temperature. 

We started with a well-established nanodot synthesis, which is the formation of CdSe, since 
this allows us to make a straight-forward validation if a synthesis in a microbatch chip with an integrated 
heater can reveal the same material quality as a well-established batch synthesis. The CdSe 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 repeatability. 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. 

Therefore, we expected that the spectra would be similar to those from an ordinary batch 
experiment (peak emission at 610 nm). However, a 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, Figure 14. More detailed fluorescence analysis showed a bimodal distribution for all CdSe 
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microbatch experiments. All 4- and 6-minute samples show a respective emission peak around both 443 
nm and 505 nm, Figure 14. A reaction time of eight minutes showed slight particle growth; the main 
emission peak shifted towards 537 nm. 

Thereafter, the CdSe microbatch experiments show excellent repeatability yet no significant 
particle growth until extended reaction times, yet the particle growth is slower than that of a normal 
batch synthesis. 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, Figure 15. This indicates that both colors were present in the original mixture, yet the 
heavier green particles were more strongly affected by the centrifugal force. HR-STEM analysis was 
not performed on this sample as the sample changed too much from the preparation. 

 

Fig.  14  Microbatch CdSe fluorescence spectra excited at 350 nm for each peak. 

 

Fig. 15 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. 

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, resulting 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 16. Unlike CdSe, the PbSe microbatch experiments showed no clear 
consistency. Peak emissions at 970, 1,050, and 1,090 nm were 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 a stronger particle growth flexibility in one minute reaction time than 
CdSe exhibited in six minutes. An increased particle tunability is wanted. Lastly, a PbSe 1-minute batch 
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experiment was performed with the remaining precursors, this IR-spectrum is also plotted in Figure 16. 
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 useful results.  

 

 
Fig. 16 Microbatch PbSe fluorescence spectra excited at 530 nm. The graph is normalized for each 

peak. 

All microbatch syntheses showed that quantum dots can be formed quickly with a microheater and 
in microvolumes, the microbatch setup is repeatable for CdSe but shows a strong growth delay. The 
results are not reproducible for PbSe, yet shows a slow growth delay. 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. Therefore, the logical next step is to move to a microflow chip 
for increased mixing and, of course, space applicability as elaborated later in the Outlook section. 

4. Conclusions 

The results of this study illustrate that quantum dots can be used as a spectral decoy to divert rocket 
attacks from flying objects such as satellites. We have solved critical issues of a first quantum dot 
application based on a Raytheon patent aiming for industrial use25. Our results revealed that CdSe is 
emission-tunable, yet unable to reach deep-red to NIR emissions within the strict time limit. The heat-
up synthesis has shown to be problematic in batch. We suggested switching both the quantum dot 
material and synthesis approach from the CdSe heat-up method to a PbSe hot-injection synthesis. 
Switching to PbSe also allowed for rapidly and consistently reaching NIR-emissions. Furthermore, the 
change from heat-up to hot-injection concepts avoids the nucleation-growth gap experienced in the 
original heat-up CdSe synthesis.  

Both the CdSe and PbSe syntheses were successfully performed in a heat-up microbatch chip. 
Several technical challenges and issues have been pointed out and partly addressed, which are valuable 
for a robust design of an autonomous onboard quantum-chip synthesis for the target application. Firstly, 
the CdSe microsynthesis emission graphs showed no significant change in emission before eight 
minutes. No significant particle growth occurred in this microbatch reaction environment. Secondly, 
the slow reaction and insignificant emission in CdSe motivated us to switch to PbSe microsynthesis, 
which did overcome these issues. However, the PbSe approach was less consistent than batch synthesis. 
Furthermore, the emission peaks were at a higher-energy wavelength, caused by switching from the 
hot-injection to the heat-up synthesis. The result thus requires an extended reaction time to reach the 
wanted lower-energy wavelengths. Lastly, active mixing in such a microbatch environment is 
imperative for the use in space, as the microgravitational environment present in space does not allow 
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for natural convection, which in turn will severely limit the mixing capability and thus repeatability of 
the chip design. Considering repeatability as an extremely important factor in an autonomous defense 
mechanism, we proposed a new microchip design in the following outlook section, which marks the 
next stage of our ongoing developments.  

The main outcome of the research reported here is showing how interdisciplinary research, 
nanomaterial chemistry, exploration of heating and mixing batch microfluidics, and fabrication of 
miniaturized devices, can enable a stringent, real-life performance under the challenging conditions of 
the outer space. 

5. Outlook 

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 undesirable. We consider a microfluidic 
chip for future synthesis because of the capability of fast, compact synthesis. Proper engineering of the 
exo-atmospheric microchip is necessary to overcome challenges imposed by the predicted operational 
environment. These challenges include the microgravitational environment, extreme pressure and 
temperatures, a strict time- and weight limit, and the required chip autonomy. A robust pump-free fluid 
motion has to be realized as pumps are far too big and heavy objects. Furthermore, the synthesis has to 
be accomplished in less than 180 s, the time the Indian missile took to reach its satellite target. 

 
Fig. 17 Initial microfluidic chip design for producing nanodots as a spectral decoy for satellite 

counter-attack; based on the results of this paper.  

 

The microbatch chip synthesis is finally deemed unsuitable for space and this led to a think-
tank evaluation, out of which resulted in a design for a microflow chip. This flow chip should divide 
the quantum dot preparation into several sections: the liquid/solvent storage, precursor preparation, 
nucleation/growth, and a propellant section to move the liquids through the chip. The liquid storage 
section will contain 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 should be avoided as the precursors could precipitate. Such a setup is shown in Figure 17.   

The proposed design was in part designed by the University of South Australia. The chip was 
produced at the South Australian Node of the Australian National Fabrication Facility, which is a 
company established under the National Collaborative Research Infrastructure Strategy to provide 
micro and nanofabrication facilities for Australia’s researchers. 
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