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Light-matter interactions drive the fundamental capabilities of almost all space 

exploration missions, from providing the energy necessary for its basic operation to 

obtaining measurements with a wide array of instruments that serve their scientific 

goals. This research thesis explored the current state of the art devices that utilize such 

interactions and harness computer optimization and advanced fabrication methods to 

expand their capabilities. 

In this thesis I focus on two major devices, Solar cells that are used to power more 

than 95% of all spacecraft and Starshades that are used to provide contrast for 

astronomical observations. Both utilize their unique architectures to interact with light 

to advance space exploration. To establish the background and context for space-based 

applications, I open by studying how an orbiting starshade can be used with large 

ground-based telescopes to observe planetary systems. I begin by mapping observable 

sky for such a starshade. I continue by exploring how such a combination could work, 

from providing detailed images and spectra, mechanical architecture, and orbital 

management. All heavily support by optimization algorithms, from the starshade 

shape and dimensions to the observation sequence in which the mission takes place. 

I continue studying over three hundred and forty space missions to determine past and 

current capabilities, from mass and power to efficiency and specific power I then 

perform analysis and establish critical limitation. I finalize by providing 

recommendations for the performance levels required to support future space 



 

missions. 

Lastly, I show that concurrent advances in the fabrication of nanostructured materials 

and computational methods to describe structure-dependent light-matter interactions 

have created a fertile opportunity space to create optimized architectures.  

I found that structural changes at the nano/microscale increase absorption while 

minimizing their mass, thickness, and radius of curvature, which in turn leads to a 

decrease in the deploying mechanism mass. I also demonstrate its applicability in 

other fields from designing different instruments used for space exploration missions 

like Starshade based mission. I finish by introducing a new fabrication technique - 

continuous additive nanomanufacturing at a fluid interface (CANFI) and show the first 

steps taken to enable low-cost fabrication of such structures. 
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 Chapter 1- Preliminary Discussion 

 

1.1  Introduction 

 

In this dissertation, I explore how light-matter interaction can be utilized to advance 

the exploration of space. Spacecraft play a major role in doing so, their ability to 

operate beyond earth atmosphere provides unique capabilities to the scientific 

community. Light is observed (across the spectrum) by us to study a plethora of 

scientific phenomena, capturing and manipulating this light is at the heart of scientific 

exploration of space.  

 

The main goal of my thesis was to inform the design and fabrication process of 

devices that utilize this phenomenon to further advance space exploration. Many of 

these devices/spacecraft are affected by the choice of material, structure, operation 

modes,  and the relevant wavelength of operation.  

 

In this thesis work, I explore both the starshade, a scientific instrument that is used to 

manipulate light to provide contrast as well as solar arrays that providing energy to 

nearly all spacecraft in existence. Finally, I share analysis, recommendations, and 

solutions that can advance their current state of the art. 
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1.2 Dissertation Overview 

 

In this thesis I use computational modeling to predict which parameter space will yield 

optimized results for light-matter interaction-based devices that are used for space 

exploration, as well as take the first steps to make the fabrication of such devices 

reasonable.  In Chapter 2 I show how starshades could be used to manipulate light to 

provide the required contrast to image exoplanetary systems, optimize its shape, size, 

orbital configuration, and observation sequences. 

 

In Chapter 3 I present a theoretical analysis as well as an empirical study of more than 

340 missions, establishing the current state of the art performances of solar arrays used 

commonly for space exploration purposes. I discuss and determine their limitations 

through empirical observations and theoretical analysis, establishing the motivation 

for the required technological advancements.   

In Chapter 4 I present a predictive optimization tool I created that can utilizes existing 

physics simulators to find optimal architectures that result in enhanced performances, I 

show how its applicability for optimizing absorption and charge transport in solar cells 

and the impact of such changes to the entire solar cells array architectures. 

In Chapter 5 I the continuous additive manufacturing at a fluid interface (CANFI) a 

method developed to advance the ability for making nano/micro size features at low 

cost and conclude with conclusions and summary.  
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Chapter 2- Starshades 

 

2.1 Introduction 

 

The emerging field of exoplanetary science has put forward the ability to measure the 

reflected light spectra of temperate planets around sun-like stars as a key priority for 

its community. Planets when viewed from a distance are extremely faint and very 

close to their stars. The Earth seen at a distance of 10 pc would be ~30th magnitude, 

1010 times fainter in reflected light than the ~5th magnitude Sun, and ~0.1 arcseconds 

away.  

 

This would require ideally the largest collecting area available and increased angular 

resolution. The starlight with a coronagraph inside a telescope, or an external occulter, 

a starshade, to cast a shadow of the star onto the whole telescope. Coronagraphs for 

ground-based telescopes are limited to 10-8 contrast ratio in the foreseeable future in 

the most optimistic scenario, not good enough to see an Earth around a Sun-like star. 

Space telescope designs with coronagraphs are being considered but stability 

constraints placed on the telescope increase complexity and cost. Feasible space 

telescope sizes are also limited for many reasons, where launch vehicle fairing 

diameter does not exist as of today even for a 4-meter telescope, and assembly in 

space is both complex and highly expensive. 
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This chapter studies the possibility of measuring the reflected light spectra of 

exoplanets, including temperate ones for an ELT working in conjunction with a 

starshade at space. Combining the largest available telescopes in the foreseeable future 

with a starshade that can provide it the otherwise unattainable contrast for such 

observations.  

 

It answers fundamental questions raised when considering such a combination: 1) 

Mapping the observable sky for such a mission 2) what Imaging/spectra could be 

acquired from the earth if such a combination would work? 3) what should be the size 

and shape of such a starshade so it could perform its roles? 4) what orbit and how 

much fuel will be used for both the observation and maneuvering between targets? 
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2.2 Mapping the Observable Sky for a Remote Occulter                                           

working with Ground-Based Telescopes 
 

 

The general principles of starshades have been very well explored. What is new is the 

recognition that the combination of the next generation of ground-based telescopes, with 

advanced adaptive optics, could work with starshades in orbit around the Earth.  

Exposure time calculations and simulations of observed spectra show that instruments 

on the 39 m ELT could image an exoplanetary system at 5 pc distance in 1 minute, and 

obtain useful spectra in 1 hour, good enough to detect water and oxygen in a modern 

Earth-like planet around a sun-like star.  

In this chapter, I explore the geometrical constraints on observations, map the parts of 

the sky accessible to the technique, and calculate the potential exposure times available 

for us.  

The orbit parameters can be derived from the requirement that the starshade must appear 

to be stationary in front of the target star. That requirement specifies 4 of the 6 degrees 

of freedom of the orbit: two positions and two velocities, perpendicular to the line of 

sight, to match the motion of the observatory as the Earth spins. The remaining two 

degrees of freedom are the radial position and the radial velocity.  

The minimum radial position is set by the requirement for a safe perigee: the starshade 

must not hit the Earth on return. Given a minimum perigee altitude of ~1000 km, and 

an observatory at ± 25° latitude, we find the minimum observational radius from the 

center of the Earth of about 178,000 km. I do not include the complex interaction of the 

geometrical requirements with mission planning, orbit selection, fuel use, and 

retargeting in this paper. 
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The minimum orbit period is obtained by observing at apogee, and is around 3 days, 

depending on the choices of the minimum perigee distance. From the observing distance 

and the desired wavelength, I can calculate the performance of the starshade, and 

determine its required size. There are many choices of the details: number of petals, size 

of a central hub, length of petals, and optimization of the edge shapes for a particular 

wavelength range. 

Geometrical Requirements 

 

There are four core observational requirements for such observations to take place: the 

angle between the starshade plane and the line of sight; the angle between the starshade 

plane and the direction to the sun; the solar zenith angle, controlling the darkness of the 

night sky; and the target zenith angle during observation.  
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Starshade Plane -Line of Sight Angle 

It is often assumed that the starshade plane must be perpendicular to the line of sight, 

but in reality, there is no such requirement.  The integral expressions describing the 

diffraction of light around the starshade can be evaluated without that assumption, and 

the main effect is a reduction of the apparent size of the starshade, a simple cosine factor. 

To be more precise I calculated the diffractive performance using the SISTER6 high 

fidelity online tool, and plot the results in Figure 2.2.2.  The panels show a sky image 

with two exoplanets, near an out-of-focus image of the starshade with starlight 

diffracting around it. I define the tilt angle as θS-L illustrated in Fig 2.2.1 and simulate 

the effects on imaging Earth-like planets at angular distances of 58 and 100 

milliarcseconds. As shown in the figure, the cosine effect makes little difference out to 

20° but a large difference at 30°.  To obtain undiminished performance at larger angles, 

the starshade size should be increased in proportion to sec (θS-L). 

 

Figure 2.2.1. The angle between the line of sight and normal to starshade plane 
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Starshade Plane -Sun Angle 

 

If sunlight illuminates a significant part of the Earth-facing surface of the starshade, the 

reflected brightness could be too large. With a large telescope like ELT, the starshade is 

in the near field and is well-resolved by the adaptive optics. This is a very different 

condition from that of a small telescope in space with a smaller starshade, where 

scattered sunlight from a starshade would be hard to distinguish from an exoplanet. 

Also, there is an unfocussed component that spreads out the light from the starshade 

over the atmospheric seeing disk, of order 1 arcsec in diameter.  

 

Figure 2.2.2. Starshade diffractive performance for 0°, 10°, 20°, 30° between the line of sight and 

normal to the plane of starshade. Each box is 0.4 arcseconds the side. 



 

19 

 

Glints from the edges, from holes in the starshade, and the stiffening structures facing 

the Earth, must be reduced in brightness so that the diffuse glare they produce does not 

add significantly to the photon noise.  For comparison, reflected Earthshine on the 

starshade cannot be easily avoided. Even with a black surface, there would be dust 

contamination covering ~ 0.5% of the area, producing an effective brightness of a ~ 

22nd magnitude star, spread out across the surface of the starshade image. (The 

starshade image diameter is about 0.1 arcsec.) The ground-based instrumentation will 

have to be designed to cope with this brightness, which adds some photon noise and a 

diffuse glow, that should be readily distinguished from an exoplanet. 

 

 

 

 

 

 

 

Figure 2.2.4 shows the effect of direct sunshine illumination on the starshade and its 

resultant reflected magnitude from the Starshade face. Even if an extremely black 

surface could be made, it would not be dark enough. The Sun is 1010 as bright as the 

Earth but about 750 times as far away, so to be of comparable brightness to the 

Earthshine, we must limit the visible surface exposed to the Sun to about (7502/1010) = 

5.6×10-5 of the total area. With a total starshade area of ~ 7000 m2, this is 0.4 m2, 

Figure 2.2.3. The angle between the direction to Sun and plane of the starshade 
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allowing for some small structures that can be illuminated by the Sun, provided they 

are also black. Without a mechanical design, I assume that a tilt θS-S of 89° would be 

sufficient to hide the small structures on the Earth-facing surface. If future design work 

cannot meet this requirement, then we would either reduce the available sky coverage 

or design a larger starshade to tolerate more tilt. 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.2.4. Starshade magnitude due to sunlight, if fully illuminated. 
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Solar Zenith Angle 

 

Observation shows that the night sky at high mountain observatories is fully dark at the 

zenith when the Sun is at least 18° below the horizon. Although observations are 

possible before the sky is fully dark, I have simply assumed that this is a strict 

requirement. I define the Solar- Zenith angle as  . Patat et al (2006)7 showed that 

the sky brightness fell by 3 magnitudes as the Sun’s zenith angle increased from 102° 

to 108°.  However, scattered sunlight is not the dominant sky brightness at all 

wavelengths, so the observing window may be larger than I assume here. 

 

 

Telescope Observation Zenith Angle 

Adaptive optics systems such as the MagAO-X8 are designed to work out to zenith 

angles of 60°, an air mass of 2, but there is certainly a performance loss with increasing 

angle, that depends on atmospheric conditions. Other features such as atmospheric 

dispersion correction may have a deterministic limit, depending on the hardware design. 

To investigate the geometric visibility for an orbiting starshade I have assumed the strict 

limit . 
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Observable sky 

To map the observable sky where all geometrical requirements are met, I adopt a 

standard epoch, generate a Right Ascension (RA) and Declination (DEC) grid, and 

choose an observatory location (TMT, GMT, etc.).  I map the regions of the sky that are 

in compliance with these conditions and calculate the available number of hours in 

which they are met for each location in the sky, for each orbit of the starshade. 

Figure 2.2.5 shows the observable regions in the night sky for April 1st 2035 for 

observations from Mauna Kea, as indicated by the red line the maximum Dec angle that 

can be viewed is set at  80° and the minimum one is  -40 ° when the dominant limiting 

factor is θO-Z , this occurs when observations are at a maximum zenith angle. Limits on 

RA’s are set by the first and last RA that fulfill all four requirements and is mainly 

limited by θS-Z and occurs at maximal θS-L. the resultant red curvature of the line 

describes the limit region where all four constraints are maintained instantaneously, 

while different color curves indicate the regions where such conditions can be kept for 

different periods. The blue line curvature, for example, indicates where they can be 

maintained for two hours for the same night. 
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Figure 2.2.5. The observable night sky, showing minutes available for observation from Mauna Kea for 

the night of April 1st,  Range of each image is 0-360° right ascension and -90° to +90° for declination.  

I then continue to dynamically map the observable night sky for January, April, July, 

and October for both Mauna Kea and Las Campanas. As can be seen in figure 2.2.6, as 

the year goes by the observable regions sweep throughout the sky covering more than 

90 percent of the night sky. 

Figure 2.2.6. The observable night sky, showing minutes available for observation each night as 

indicated by the color bar.  The range of each image is 0-360° right ascension and -90° to +90° 

for declination. The upper set is for Mauna Kea, lower set for Las Campanas. Dates are the first 

of each month, 2035. 
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Summary, Conclusions, and Future Work 

An orbiting starshade, working with planned extremely large telescopes in both the 

northern and southern hemispheres, can provide access to exoplanet systems over the 

declination range from -85° to +80°, limited by the reduction of performance of adaptive 

optics at zenith angles > 60°, and the latitudes of the observatories. For an equatorial 

target, geometrically accessible observing windows are up to 4 hours long at the best 

times of the year when the target is on the meridian at the beginning or the end of the 

astronomical night when the Sun is just 18° below the horizon. For targets at the ecliptic 

poles, the observing windows are much longer, up to at least 7 hours at the best time of 

year. This angle range is also controlled by the starshade design; we require that it can 

be tilted up to 20° from perpendicular to the line of sight and that the Earth-facing 

surface is protected from the Sun well enough if the Sun is only 1° above the plane of 

the starshade. 

Based on these angle ranges, a target can in principle be observed for two intervals each 

year, each at least two months long. However, when the transverse velocity of the 

observatory drops significantly below its value on the meridian, the matching velocity 

of the starshade in orbit drops as well, requiring a proportionally greater observing 

distance and reducing the diffraction performance. At the equator this velocity is 

proportional to the cosine of the relative hour angle; cos(30°) loses only 13% of the 

velocity but cos(60°) loses half. Utilizing an entire 4-hour observing window at once 

would require a significant velocity change, and leaving the starshade in an orbit with a 

low perigee (below ~ 1000 km altitude) would not be safe. 
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Future work will include a complete end-to-end model of system performance, 

including observing windows, orbital safety constraints, and fuel consumption for 

observations and retargeting, based on actual engineering designs and the achievable 

angle between the Sun and the starshade plane that meets the shadow requirement. This 

work will also be used and expanded to support other mission concept studies including 

ORCAS9 
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2.3 Orbiting Starshade to Observe Exoplanets                                                                   

with Ground-based Telescopes 

Astronomers wish to observe reflected light from Earth-like planets circling Sun-like 

stars, to determine their colors and molecular composition, and to search for signs of 

weather, continents, oceans, and life. Until now it was thought that a telescope in 

space was the only means of making this measurement, due to interference from the 

Earth’s atmosphere. In this section I calculate the technical requirements and predict 

the performance of an orbiting starshade working with telescopes on the ground.  

Small planets orbiting other stars are common: most stars have them, and about 20% 

have potentially Earth-like planets in the habitable zone, capable of supporting liquid 

surface water, as we know from the transit technique (1). But these planets have not 

been directly imaged: they are faint and close to their stars; and most known host stars 

are small, cool, and active with flares, very different from our own. From transits we 

know planet sizes, orbit periods, and temperatures, and for a few we also know their 

masses from the radial velocity technique or transit timing variations (12).  

To study exoplanet chemistry, we need images and spectroscopy, at wavelengths 

where molecular and atomic features are strong enough for identification. The 

Exoplanet Science Strategy report (13) recommended that “NASA should lead a large 

strategic direct imaging mission capable of measuring the reflected-light spectra of 

temperate terrestrial planets orbiting Sun-like stars.” Emitted infrared light is also 

important because molecular absorption bands are very strong at those wavelengths. 
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The previous approach for reflected light was to build a telescope in space and equip it 

with an internal coronagraph or a starshade to cast a shadow (14-16). NASA has 

invested in the WFIRST (17-19) and two major mission concept studies, HabEx (20, 

21) and LUVOIR (22, 23) that would use coronagraphs. Starshades have been studied, 

most recently for Exo-S (24), WFIRST (25) (the Starshade Rendezvous probe), 

HabEx, and the miniature Distributed Occulter/Telescope (mDOT) (26). 

The space-ground possibility was mentioned briefly in the BOSS study (14), before 

modern starshade shapes were developed, and before ELTs were being constructed. 

We re-analyze this case, given the planned ELTs: the 24 m Giant Magellan Telescope 

in Chile (27), the Thirty Meter Telescope in Hawai’i, or the Canary Islands (28), and 

the 39 m Extremely Large Telescope (29, 30) in Chile. But the diffraction of light and 

the large telescope aperture requires a starshade around 100 m in diameter, orbiting 

Earth in a long ellipse, at least 170,000 km from the telescope. Adaptive optics at 

visible wavelengths is also now becoming possible (31, 32). Here I describe the 

concept and derive the major design parameters, show simulated images and spectra, 

and consider necessary steps to building an orbiting starshade. 

 

Starshade orbit and shape 

The starshade must be on the line of sight from the observatory to the star, matching 

the components of position, velocity, and acceleration perpendicular to the line of 

sight. The radial distance, velocity, and acceleration are unconstrained. As the Earth 

rotates, the observatory moves with a constant speed and a constant acceleration 

towards the Earth’s spin axis. A long elliptical orbit could provide the needed 
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matching transverse velocity at some point, but thrust is required to match the 

acceleration. The minimum apogee is about 170,000 km and the minimum orbit period 

is about 3 days. The same orbit family was found by Marlow et al. (33). A much more 

distant solution was found by Janson (34), who used the Earth’s orbit around the Sun 

to obtain the needed relative velocities. 

Given the starshade distance we can decide its shape (15, 16, 35, 36). A central opaque 

disk, larger than the telescope mirror, is surrounded by a set of sharply pointed petals. 

Without the petals, there would be Arago’s bright spot at the center of the shadow, due 

to coherent diffraction around the edge. Averaging over angle, the petals produce a 

shadow that tapers gradually with radius and eliminates the central bright spot.  

I analyze the case of an Earth near a Sun-like star, which is about 1010 times brighter. 

The governing parameter is the Fresnel number, F = r2/λz = (r/λ)θIWA, where r is the 

characteristic size of the diffracting object, λ the wavelength, z the distance from 

target to telescope, and θIWA = r/z is the “inner working angle” where the starshade 

geometrical shadow covers half the telescope aperture. From simulations, I find that F 

= 14 is near the minimum necessary for the desired contrast. A sample starshade 

design with a diameter of 99 m is given in Fig. 2.3.1, produced using optimization 

algorithms (36) for the 300-1000 nm wavelength range. A larger starshade could work 

at longer wavelengths, but for λ > 1.7 µm, the radiance of ground telescopes becomes 

brighter than the sky background. At shorter wavelengths, the starshade and telescope 

size can be miniaturized to observe exozodiacal disks and large Jovian exoplanets, as 

proposed for mDOT. 
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Fig. 2.3.1. Example design of starshade, 99 m diameter. Axes are dimensions in meters. 

 

Manufacturing and deployment of such a large starshade are within the capabilities of 

the aerospace industry today, as explored for the HabEx mission (20). Because both 

starshade and telescope are much larger than for HabEx, manufacturing tolerances and 

stability requirements would be greatly relaxed, and are measured in millimeters to 

centimeters, depending on the type of error. 
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Terrestrial Interference 

There are five kinds of atmospheric interference. First, turbulence spoils the image 

quality, requiring adaptive optics to compensate; a laser beacon replaces the bright star 

to enable a sharp focus. Second, our atmosphere is partially opaque due to absorption, 

it scatters incoming starlight, and it emits light. Third, the Earth’s atmosphere may 

have the same kind of molecules as the exoplanet, blocking the light from the 

exoplanet at the most interesting wavelengths. Fourth, the same terrestrial molecules 

produce a small refractive deviation of the incoming light at wavelengths near their 

absorption lines, but this is negligibly small if the lines are weak. Fifth, if the upper 

troposphere of the Earth were populated with large particles, they could scatter light 

from the target star into the shadow. However, the dark shadow is much wider than the 

telescope. To scatter a photon laterally by 5 m from a distance of 10 km, the scattering 

angle would be 0.5 milliradians, about 100 arcsec. This scattered light would be easily 

distinguished from an exoplanetary system.  

There is also interference from Earthshine, sunshine reflected from the Earth back into 

space and reflected again from the starshade. We assume a black starshade with 0.5% 

of the area covered by dust. The starshade would appear as a 22nd magnitude diffuse 

object, much brighter than our desired exoplanet targets, but spread out across the 

whole starshade area, and not in focus because the starshade is in the near field of the 

telescope. Stray light from the Earthshine contributes to photon noise and can limit 

sensitivity, but is smoothly distributed across the image of an exoplanet system.\ 
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Geometry and propulsion 

The usable range of the angle between Sun, Earth, and target star determines when 

each target could be observed. The Sun should not illuminate the side of the starshade 

facing the telescope. I assume a design requirement that the starshade mechanical 

structure can remain in the shadow of the petals if the Sun is at least 1° above the 

plane of the starshade. There is no requirement for the plane of the starshade to be 

perpendicular to the line of sight, so we assume for our observations that it can be 

tilted up to 20° away, although there is a cosine(tilt) reduction of the apparent size of 

the starshade and hence in the diffraction performance. I conclude that the target star 

could be observed up to 109° from the Sun. 

The starshade requires propulsion, to stay aligned during observations, and to retarget 

since each star requires a different orbit. Except for stars on the equator, the dominant 

acceleration term during observation is ~sin(δ) times the observatory acceleration, 

where δ is the star declination and is in the north-south direction. For targets randomly 

distributed on the sky the average value of |sin(δ)| is 0.5, and an observatory latitude of 

± 25°, we must provide on average 55 m/s of north-south velocity change for the 

starshade, per hour of observation. The east-west component is zero on the meridian, 

and for a 1-hour exposure at δ=0 starting on the meridian it totals 14 m/s.  

Retargeting changes the orbit so that a different star can be observed. Observations 

would be made at the orbital phase where the transverse velocity matches the 

observatory velocity and is not generally at apogee. The retargeting velocity change 

decreases with increasing orbit size, favoring the longest useful orbit period. Given a 

1-month observing window, an orbit period of 15 or 30 days, with an apogee 
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comparable to the distance of the Moon, would enable 3 or 2 observing opportunities, 

although this gives little information on the time variation of the planet brightness, 

color, or spectrum. For orbit periods of 4 days or more, observations could be made on 

either the inbound or outbound trajectory when the distance to the center of the Earth 

is correct, of order 178,000 km. Fuel requirements for retargeting limit the number of 

targets that can be observed, as they do for starshades with space telescopes. Solar 

electric propulsion is slow but enables access to multiple targets before the fuel is 

gone. Refueling would enable the orbiting starshade to survey a greater number of 

targets.  
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Telescope Requirements 

I now analyze the telescope requirements. For an ideal telescope, the distance at which 

a given target brightness can be seen in a fixed time is proportional to the telescope 

diameter.  I illustrate with the Extremely Large Telescope, 39 m in diameter, the 

largest currently being built. The telescope requires adaptive optics at visible 

wavelengths, to resolve individual planets, and to reduce the number of background 

photons that enter the detector along with photons from the planet. Adaptive optics 

compensate for atmospheric turbulence and can produce an image of a star with a 

sharp core, limited by diffraction to δθ =1.22 λ/d where δθ is the angular resolution, λ 

is the wavelength, and d is the telescope diameter. At λ = 0.5 µm, this is δθ = 0.0032 

arcseconds, 16 times better than the resolution of the Hubble Space Telescope. The 

image quality is described by the Strehl ratio S, the ratio between actual peak 

brightness and the ideal. The fraction of uncorrected light is approximately 1-S, which 

produces a residual halo from the Earthshine on the starshade and any leaking starlight 

or scattered sunlight. This halo is limited by normal telescope seeing to around 0.5 

arcsec, and contributes additional photon noise.  
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Results: Images, Scattered Light, Spectra, and Observing Windows 

I simulated an exoplanetary system, including a bright interplanetary dust cloud (exo-

zodiacal light); starshade diffraction and Earthshine reflected from it; sunlight 

scattered from the starshade edges; our own zodiacal light; the sky background 

produced by the Earth’s atmosphere as a function of wavelength, including airglow 

emission lines; atmospheric transmission as a function of wavelength; telescope 

transmission (optical efficiency); adaptive optics performance including both the core 

image of focused light and the residual uncorrected light; and camera and 

spectrometer models including their detectors. For details see the supplemental 

materials. 

A simulated 20-minute exposure of a Solar System at a distance of 17 pc is shown in 

Fig. 2.3.2 There are five planets, clearly separated from the image of the starshade. 

The diffraction-limited angular resolution of the ELT is so sharp that the planets 

occupy only a few pixels of the printed image, even though they are very bright, and 

they are far from the image of the starshade. The starshade is bright because of 

Earthshine and scattered sunlight, and is out of focus because even at a radius of 

178,000 km, it is not in the far-field of the telescope. The right panel shows the same 

system magnified to show the spatial resolution. In this case Venus is near the inner 

working angle of ~0.058 arcsec.  
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Fig. 2.3.2. Left: Solar System with V=6 star at 17 pc, 20 min exposure, 400-700 nm, exozodi=5x solar 

system value, system inclined 60°, with Earthshine from starshade. The inner working angle radius is 

58 milli-arcsec. Colored rings are wavelength-dependent diffraction of starlight. 

Simulated spectra are shown in Fig. 2.3.3 for planets at a distance of 5 pc, with 

observing times up to 2700 s. The planet atmospheres were simulated with the 

Planetary Spectrum Generator code (37), adapted to the models of Roberge and Seager 

(38), and the sky background and transmission used ESO’s Sky Model Calculator 

SkyCalc (39, 40). See supplemental materials for details. The plotted spectra are 

already compensated for the modeled transmission of the Earth’s atmosphere. The 

weak molecular bands of water and oxygen are clearly visible on the synthetic Earth, 

but not on Venus. Note that Earth is brighter than the sky background for most 

wavelengths λ < 800 nm, so that quantum fluctuations in the source photon rate are the 

dominant photon noise source. CIA (collision-induced absorption) is marked on the 

warm 1AU Neptune spectrum, and methane on the 2AU Jupiter spectrum. Absorption 

by terrestrial molecules interferes but does not prevent the measurement of the same 

molecules in Earth-like exoplanets. The critically important water and oxygen lines 
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are not completely blocked by telluric absorption, and both would be detected on an 

Earth-like planet. 

 

Fig. 2.3.3. Simulated spectra for planets at 5 pc with Strehl = 0.5. Top panel R = λ/δλ = 2500, bottom 

R=150. 1 pixel = λ0/2R = 0.14 nm for R = 2500 and 2.34 nm for R = 150 at λ0 = 700 nm. Red curves are 

sky brightness at the ELT in Chile, showing that exo-Earth is brighter than the sky background for λ < 

750 nm. Widths of curves are ± 1σ. Water and oxygen are seen on exo-Earth and not on exo-Venus, and 

methane registers on a 2 AU Jupiter. 

 

I analyzed the observing windows, times at which each part of the sky can be observed 

(41). There are three geometrical requirements. We need astronomical darkness, with 

the Sun 18° below the horizon. I also need good adaptive optics performance, so we 

observe within 60° of the zenith. Finally, we need to observe within 109° of the Sun. 

On any particular day, for a particular observatory, approximately 10% of the sky can 

be reached soon after sunset, and an equal amount before sunrise. Near declination 0°, 
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targets are geometrically observable for up to 4 hours, with observing windows 

ranging up to two months for reduced hours. The north ecliptic pole is observable 

almost all night in northern summer for TMT, and similarly for the south ecliptic pole 

in southern summer for GMT and ELT. Fig. 2.4.4 from (41) shows the map of these 

windows for an observatory in Hawai’i on April 1, 2031. One boundary is set by the 

Sun angle constraint at sunrise or sunset, and the other by the zenith angle constraint.  

 

 
Fig. 2.4.4. The observable night sky, showing minutes available for observation from Mauna Kea for 

the night of April 1st, Range is 0-360° right ascension and -90° to +90° for declination. Boundaries are 

zenith angle < 60° and Sun angle < 109°. 
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Interpretation 

The high angular resolution of this method would make detections unambiguous, even 

in the presence of bright zodiacal dust clouds in the exoplanet system, and background 

galaxies would be clearly resolved. High angular resolution also enables rapid orbit 

determination, and confirmation of system membership from shared proper motion 

and shared parallax. High observing speed enables searches for rapid variations in 

exoplanet brightness due to rotation, surface features, and weather. On the other hand, 

observing windows are short, with opportunities every 4 days or more, depending on 

starshade orbit choice.  

Systematic errors that could lead to false detections are suppressed. First, the dynamic 

range at each pixel is small; a large fraction of the photons in the exoplanet pixels 

comes from the target object. Second, the dynamic range of the image is small; the 

dark shadow cast by the starshade suppresses the focused starlight geometrically, with 

no requirement for active adjustment of a coronagraph, and no need to divert a bright 

star image away from the planet image. Laboratory tests of scaled starshades by co-

author Harness have produced the best measured starshade contrast ratios so far, better 

than 10-10 in a test tunnel (42) at Princeton, and in principle there is no limit to their 

performance. Outside their inner working angle, they are efficient and achromatic. The 

diffracted starlight, Sun glints, and Earthshine are out of focus and contribute a nearly 

featureless uniform background glow, adding photon noise but easily recognized, 

fitted, and subtracted from the exoplanet signals. Third, it is easy to recognize an 

exoplanet image when it is 50 λ/d resolution elements away from the star. Finally, the 

light of the laser guide star can be blocked by narrow band interference filters. 
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Molecular spectroscopy of an exo-Earth is also not prevented by terrestrial 

interference, as was shown by examining Earthshine reflected from the Moon (43). 

The terrestrial (telluric) molecular lines are optically thick at the line centers. But 

exoplanet lines would be pressure broadened if their lower atmospheres are not hidden 

by high altitude clouds, so the wings of the exoplanet lines could be as wide as ours, 

and hence detectable. For optically thick pressure-broadened absorption lines, with 

similar temperature and pressure profiles in both atmospheres, and without a Doppler 

shift, the equivalent width of an isolated line is proportional to the square root of the 

total column density including both Earth and exoplanet (44). The relative motion of 

Earth and an exoplanet produces a Doppler shift that reduces the overlap of the line 

profiles, and planetary rotation produces a small Doppler broadening of the lines. The 

Earth’s orbital velocity provides a variable shift of up to ± 30 km/s (depending on 

target direction), and the exoplanet orbit also provides a variable Doppler shift.  

The cores of the individual oxygen lines are narrow, of order 0.01 nm wide (44), 

equivalent to a 4 km/s Doppler shift for the A and B bands. They are intrinsically 

weak, only visible because of the large numbers of molecules in a line of sight. The 

signature of exomolecules is that the observed molecular absorption is stronger than 

for a target without the molecules. To verify the models for the Earth’s atmospheric 

transmission, featureless continuum sources like a broad-band beacon on the starshade 

could be provided. For comparison, the spectrum of reflected Earthshine and of the 

host star and its other planets could be used to test the telluric absorption model.  

We assume that each observation would begin with an image, followed by a long 

spectroscopic exposure if planets are found. Current designs for the ELT PCS 
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instrument (45) and the MagAO-X (21) call for an integral field spectrometer with low 

spectral resolution R = λ/δλ ~ 120.  

 

Number of Observations 

Geometrical and orbit maneuvering factors determine the rate of exoplanet 

observations. With a 4-day orbit and an assumed one-month observing window, 8 

observations could be obtained. Retargeting with solar electric propulsion is limited by 

the small available acceleration and is measured in months for moves over a few 

degrees. One strategy is to complete an observation series, travel for ~ 4 months to the 

next nearby target, and wait for the next time when the Sun angle constraints are 

satisfied. This produces a natural rate of 2 targets per year. 

If the mission life is 6 years, governed by the solar electric propulsion fuel tank size, 

and the system could observe 2 targets/yr, and the fraction of stars having an Earth in 

the habitable zone is η = 0.2, then it could observe 2.4 ± 1.6 Earths, along with many 

other planets. But if precision radial velocity measurements or other methods produce 

a reliable catalog of exo-Earths, with no need to re-determine exoplanet orbits, then 12 

could be observed in 6 years. It may be possible to observe more per year, depending 

on detailed orbit optimizations, if the solar electric propulsion system is large and the 

starshade mass can be small enough. 
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Technology Development 

We review the two most difficult issues: short-wavelength adaptive optics for giant 

telescopes, and propulsion for the starshade.  

All large observatories now use adaptive optics at near-infrared wavelengths, based on 

producing artificial laser guide stars by scattering from the sodium layer in the upper 

atmosphere, so that the entire sky is observable. This technology is insufficient for 

visible wavelengths, but progress is being made with bright natural guide stars to 

search for exoplanets (46). The orbiting starshade case does not require such 

perfection because the required contrast is provided by the orbiting starshade; only 

efficiency is needed. Current adaptive optics systems include the MagAO (47) on the 

Magellan telescope (48), the K-band PALM-3000 (49) on the 5 m Palomar telescope, 

and the VLT’s ZIMPOL with the extreme adaptive optics SPHERE (50), working at 

500-900 nm. The MagAO-X project (31), funded in 2016, is underway for the 

Magellan Telescope, and will produce a Strehl ratio (efficiency relative to a perfect 

telescope) of 0.7 at the Hα wavelength of 0.656 µm, on target stars as faint as 

magnitude 5, and a Strehl ratio of 0.3 at magnitude 10. The MagAO-X is a pathfinder 

for a similar but larger instrument for the 24 m GMT. The ELT project is planning a 

visible band adaptive optics instrument called PCS (planetary camera and integral 

field spectrograph) (45, 51).  

Since the starshade would block the target star, it would be replaced by an artificial 

star on the starshade. A sufficiently powerful laser and optical system is commercially 

available in the 2U CubeSat size. This technology could be demonstrated with small 

satellite beacons. 
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Propulsion is required, both to maintain alignment during observations, and to change 

orbit for each new target. In addition, after each observation, to return to the same 

target, the velocity change just made must be undone, doubling the maneuvering 

requirement, although this may be possible with electric propulsion, given enough 

time. Moving from one orbit to another requires much more velocity change. For 

details, see the Supplemental Materials.  

The target list is limited unless refueling or space tug docking is provided. NASA is 

preparing the RESTORE-L mission to refuel another satellite in 2023. NASA has also 

contracted for a solar electric Power and Propulsion Element (PPE) for the Lunar 

Gateway (52), with the first launch in 2022. The Mission Extension Vehicle (MEV) 

from Northrop Grumman is ready for launch and works by docking a new propulsion 

module with the existing satellite. Similar equipment could extend the life of a 

starshade working with WFIRST, HabEx, or LUVOIR, removing the fuel constraint 

on their observing yield as well.  

Other challenges include construction, testing, and deployment or in-space assembly 

of a 100 m starshade; avoiding unwanted effects of the engine plumes; and ensuring 

that the Earth-facing surface is black enough to minimize Earthshine. A report of a 

brief technical study is included in a White Paper submitted to the Astrophysics 2020 

Decadal Survey (53).  

If it could be built, the orbiting starshade working with ground-based telescopes would 

provide unmatched angular resolution and the highest observing speed of all 

techniques being considered. It could become an essential part of the exoplanet toolkit, 

yielding spectra for 12 candidate systems in a 6-year lifetime before refueling. 
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2.4 Supplementary Materials 

Methods – Imaging and Spectra 

Section 1 – Imaging simulations: 

Our imaging simulations are performed with SISTER, the Starshade Imaging 

Simulation Toolkit for Exoplanet Reconnaissance (54). It is an end-to-end starshade 

imaging tool that produces images of an arbitrary user-defined exoplanetary system 

and background as observed by a starshade and a telescope. The starshade imaging 

characteristics include the diffraction from an ideal or perturbed starshade as well as 

solar glint from the starshade edges. Its diffraction calculations have been verified by 

comparison with test devices at Princeton (42). The telescope model assumes an ideal 

telescope with a user-defined obscured pupil (e.g. secondary obstruction and struts), 

although an unobscured circular pupil was assumed for this study. The SISTER code 

was recently upgraded to account for the fact that the starshade is in the near field of 

the telescope and hence is out of focus. SISTER incorporates a vanilla detector model 

with read noise and dark current. Finally, the astrophysics scenario incorporates 

Keplerian orbits, a selection of planetary atmospheric scattering/absorption laws, any 

kind of host star (by default the user can choose among any of the +10,000 stars from 

ExoCat) and a variety of extragalactic background fields. Exodust emission is accurate 

for a solar system (but without a directional scatter model) and flexible for an arbitrary 

user-defined profile. 
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SISTER does not include any built-in code for imaging through the Earth’s 

atmosphere or to deal with point-spread degradation from an adaptive optics system. 

Therefore, for purposes of modeling the deficiencies of the AO, we have assumed that 

the system point spread function (PSF) is composed of a diffraction limited core with 

energy equal to the system Strehl Ratio, SR, surrounded by a uniform background of 

diameter ro, the seeing disk, containing the balance 1-SR of the energy. This is 

executed by first simulating the imaging of the system using the starshade with an 

ideal telescope, then convolving the image with a function consisting of a Dirac delta 

function with amplitude SR at the origin surrounded by the uniform disk with 

integrated value 1-SR. For this study we have assumed that ro = 0.5 arcsec.  

 

This model captures the two main effects of an imperfect AO system: the PSF core 

energy is reduced and the energy is scattered over the seeing disk to form a 

background noise pedestal that is added to the target images. This allows us to see 

how the bright central spot, which due to the design of the starshade is 7 x 10-8 as 

bright as the star (with a peak value of 8 x 10-8), affects the measurement of planets 

that are located at or beyond the starshade inner working angle (the apparent position 

of the starshade tips).  
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But two other potentially important effects are ignored, namely the broadening of the 

core PSF including the surrounding diffraction rings, and any localized scatter from, 

e.g. deformable mirror quilting and ‘pinned speckles’ at the primary mirror segment 

diffraction rings. The PSF broadening is not a serious problem because the targets are 

well-separated from the starshade (e.g. 58 mas (milliarcsec) for an exo-Earth at 17 pc 

vs. a PSF core width of about 3 mas), though the broadening may lead to a further 

decrease in SNR beyond what we are computing here. The localized effects could be 

problematic whenever a planet image appears near a local peak. However, this is 

likely to be rare given the size of the local defects (about 9 mas2) compared to the area 

of the scene which might typically be 10,000 mas2.  

 

We performed imaging simulations under the following conditions: 

Bandpass: 400-700 nm 

System optical throughput: 0.5 

Strehl Ratio: 0.05 – 1 

Integration time: 1200 s (single frame) 

Detector QE: 1.0 

Detector read noise: σ = 3 e- 

Detector dark current: 1e-3 e-/s 

Distance to Star: 17 pc 

Planet flux ratio: 1e-10 

Planet apparent magnitude: 31 

Exozodi levels: 0 and 10 zodis, inclined 60 degrees. 
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To demonstrate how sensitive results are to changes in core parameters, we placed a 

Sun-like star at a distance of 17 pc and positioned two planets in the scene, one at 58 

mas, where the starshade partially blocks the planet light with a throughput of 70%. 

The other is at 100 mas, where the starshade plays no role other than to block the 

starlight. The planets were positioned in the plane of the system along with the 

zodiacal light. 

 

We computed the signal to noise for a range of SRs and two exozodi levels by 

integrating the planet light in a 5 x 5 mas box centered on the planet, and in 4 

surrounding boxes to compute the background level. The brightness of the exozodiacal 

cloud is computed from that in the Solar System, multiplied by a factor. The signal to 

noise ratio was computed from 

 

𝑆𝑁𝑅 =
P

√P + B + R
 

 

where B is the average number of counts in the 4 surrounding boxes, P is the number 

of counts in the box centered on the planet minus B, and R is the read noise set by 𝑅 =

𝑁𝜎2. With a pixel size of 1 milliarcsecond on the sky, there were N=25 pixels in our 

5x5 mas box. 

 

Figure S1 shows the resulting SNR in a 20-minute integration as a function of Strehl, 

indicating that reasonable readings can be achieved even at low Strehl. Figure S2 

shows an image combining low Strehl and high exo-zodi levels, with SR=0.1 and 

exozodi = 10 times the Solar zodiacal brightness. 
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Section 2 – Spectra simulations, analysis, and methods: 

 

Spectra were modeled with a different optical model and cross-checked against the 

SISTER tool. To estimate the quality of the exoplanet observations, we simulated the 

imaging capabilities of an AO-equipped 39.5 m telescope with a central obscuration of 

6.5-meter diameter by the cell of the secondary mirror. Since real point spread functions 

(PSF) incorporate complicated structures without an analytical mathematical 

description, we used the following approximations: 

 

The real Airy PSF of a circular aperture with central obscuration was used. 

 

To take a certain degradation of the encircled energy (EE) of the real PSF into account 

induced by inaccuracies of the mirror surfaces, bending on the support structure of the 

secondary cell (spider), etc., we used the Tiny Tim simulation (45) for the Hubble Space 

Telescope (HST) and the resulting estimates for an AO-based system as implemented 

in the Starfinder software (46) assuming an EE degradation of about 0.7 over the whole 

central Airy disk. 

 

The AO system PSF was characterized by the Strehl Ratio (SR), i.e. the EE fraction of 

the AO-corrected core as described above relative to the full PSF including a wide 

Gaussian-shaped structure representing the size of the natural air turbulence (seeing). A 

seeing of 0.8 arcseconds and a Strehl ratio of 0.5 was assumed. Since modern SCAO 

systems (Single Conjugate Adaptive Optics) already reach a Strehl ratio of up to 0.55 

and future XAO (Extreme Adaptive Optics) systems are expected to achieve up to 0.95, 
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this is a conservative assumption. However, simulations using different values over the 

whole parameter range reveal only a minor impact on the final results. Simulations on 

that are shown later below and demonstrate that for much of the spectral range, the 

source photon noise is dominant; such is the power of the ELT. 

 

As main instrument for the observations, we assume an integral field spectroscopy 

instrument (IFU) with spatial pixel size over all wavelength bins (spaxels) of 5 mas 

squared, with an overall throughput (end-to-end of the system of telescope mirrors and 

instrument) of 30%. This is well in accordance with calculations made e.g. for 

HARMONI at the ESO ELT (47).  

 

The source extraction was done on a 3x3 spaxel core centered on the PSF. Background 

determination was obtained in a wide area outside the target, leading to extremely high 

values of the background signal-to-noise ratio compared to those of the exoplanet. The 

EE extracted from the source by numerical integration with the PSF as described above 

thus was (SR) * 0.65 and (SR) * 0.92 for a 3x3 spaxel and a 5x5 spaxel aperture, 

respectively. However, the larger aperture leads to lower signal-to-noise ratios of the 

final product, due to the much higher contamination by sky noise. 

 

We estimated the CCD readout noise to be 5 electrons and the dark current to be 0.001 

electrons/second, which are typical values for modern state-of-the-art scientific 

detectors. In addition, we assumed multiple readouts with typically 15 minutes to avoid 

over-exposed observations of the brightest OH airglow emission lines of the Earth’s 

atmosphere. 
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We also simulated the terrestrial sky emission and transmission (see Figure S3) by 

means of ESO’s Sky Model Calculator SkyCalc (39, 40) in its current online version 

(48). This tool includes airglow continuum and line emission, scattering by moonlight, 

scattering by starlight from the Milky Way, and the zodiacal light of our solar system. 

As a conservative approximation, a position near the ecliptic and a projected galactic 

longitude of 220° and latitude of 15° were chosen. The resulting zenith distance was 

45° and the Moon was below the horizon around 2.5 hours before midnight of the 

simulated night starting on 10 January 2019. The selected average humidity conditions 

correspond to a Precipitable Water Vapor (PWV) of 2.5 mm H2O. Other molecular 

absorptions were calculated for the ELT site at Cerro Armazones (3060 meters above 

sea level) using the internal atmospheric model of ESO’s SkyCalc tool. In addition, we 

assumed a monthly averaged solar radio flux of 130 solar flux units (sfu). 

 

The resulting magnitudes in filter bands B-Z are B = 21.14 mag arcsec-2, V = 20.67 mag 

arcsec-2, Rc = 20.32 mag arcsec-2, Ic = 19.48 mag arcsec-2, and Z = 18.67 mag arcsec-2. 

Note that individual monochromatic emission lines of the airglow can be several orders 

of magnitude brighter.  

 

Additional sources of background illumination at the position of the source were the 

zodiacal light in the stellar system of the exoplanet. We used twice the value of our solar 

system measured from Earth (59) to take into account that one observes, looking face-

on on such a system, the scattered light from the whole dust disk instead of only half of 

it when observing from inside at midplane. This results into a V-band brightness of 
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22.25 mag arcsec-2 using a solar spectrum as a template for the zodiacal light. 

 

Furthermore, we simulated the reflected light from the starshade in the following way: 

The two glints arising from sunlight reflections at the edges of the petal are modeled as 

two-point sources with a V-band brightness of 25 mag incorporating a solar spectrum. 

The central part of the starshade is essentially illuminated by light reflected from the 

Earth. Since this part of the spacecraft is designed with minimum reflectivity (e.g. 

VantaBlack (60)), we modeled it as a surface of 58 mas at a distance of 170,000 km 

incorporating an Earth spectrum and a grey albedo of 0.04% leading to an integrated 

magnitude of V = 23.5 mag. We then applied the same AO PSF as described above and 

calculated the contributions individually for the various distances from the source 

position using 100 mas AU-1 at a system distance of 10 parsec and 200 mas AU-1 at a 

system distance of 5 parsec. We finally included the Sun as host star assuming a point 

source (3.2 mag and 4.7 mag at 5 and 10 pc distance, respectively), which is dimmed 

by a factor of 10-10 (25 mag) and smeared by our simulated AO PSF. 

 

We used a theoretical Kurucz solar spectrum template with a resolution of 500,000

 (61) and applied the Bessel magnitude calibration (62) to derive physical values 

from the magnitude scale. Spectral templates for the planet's reflectivity were obtained 

from the online version and a local copy of the Planetary Spectrum Generator (PSG) 

(37, 63) using the standard atmosphere templates for Earth, Jupiter, Neptune, and Venus 

for the molecular absorption and scattering implemented there. We also assume a 90° 

face-on view on the stellar system of the exoplanet and use a spectral resolution of 
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0.0025 nm. The absolute level and rough shape of the continuum albedo were adjusted 

to those given in (38). Finally, the albedo spectrum of the exoplanet is multiplied by the 

incoming stellar radiation to compute the resulting exoplanet spectrum. The resulting 

spectral simulations are shown in Figures S4 and S5. The exposure times were chosen 

to fulfill a signal to noise ratio of about 10 or somewhat higher (see Figure S6). 

 

Changes due to degraded optical properties – lower Strehl Ratios: 

Even if it is very likely that the assumed Strehl Ratio can be achieved by 2035, we 

investigated the impact of a degraded optics. At a constant signal to noise ratio, 

simulated for the system at a distance of 5 pc, the degradation requires an adaptation of 

the exposure time following nicely an empirically fitted power law with an index of 1.5. 

This implies that the S/N > 10 can be achieved with the assumed maximum exposure 

time of 2.5 hours until values as low as SR = 0.2. At systems with a higher distance of 

10 pc we suffer from S/N degradation. To achieve a decent abundance analysis of 

features by molecules like O2 and H2O we will need a value of S/N > 5 which will 

require a SR > 0.38. A simple detection might be feasible down to S/N = 3. Hence the 

limits are SR > 0.25. The result of the simulation is shown in Figure S6. 
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Technical implementation: 

All ASCII input tables were converted by a self-written ANSI-C program incorporating 

the cfitsio library (64) in its current version 3.45, into Flexible Image Transport System 

(FITS) files (65). The whole simulator overlaying the components in spatial and 

wavelength dimensions then was implemented into batches using the Munich 

Interactive Data Analysis System (MIDAS) in its current version as of 17FEB (2017) 

(66). 

 

To account for the high spectral variability in terrestrial molecular absorption as well as 

for the high line contrast in the exoplanetary systems and the stellar spectral templates, 

we performed all calculations including the combination and convolution of 

components at a spectral resolution of 0.0025 nm (R = λ/Δλ = 140,000 at 700 nm) and 

convolved with a Gaussian line spread function to the final desired resolution only at 

the end of the calculation. 
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The step-by-step procedures are: 

 

1. Generating a calibrated solar spectrum template at full resolution as FITS file. 

2. Generating the planet albedo using the PSG, adapting to the models of Roberge 

and Seager (38), and converting the tables to FITS. 

3. Generating the ESO sky model giving radiance and a transmittance file and 

converting them to FITS. 

4. Generating a template of the exozodiacal light by scaling the solar template 

from  (61) to its assumed brightness. 

5. Combining a scaled Earth template from (63), and Earthshine spectrum from 

the template (63) of a "half"-Earth as seen from the starshade, and a scaled 

solar template from (61) to simulate the starshade spectrum by the sunlight 

reflected at its edges and the VantaBlack reflecting surface of the Earthshine. 

6. Convolving the source planet, the remaining starlight of the host star, and the 

shader illumination with the AO PSF in 2D.  

7. Adding the surface brightness of the exozodiacal light. 

8. Applying the absorption and scattering by the molecules in the terrestrial 

atmosphere to this flux. 

9. Adding the terrestrial sky radiance as homogeneous surface brightness. 

10. Reducing the flux by an assumed telescope + instrument efficiency of 30%, 

calculating the encircled energy spectrum of the planet + background, and that 

of the background around the source. 
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11. Convolution with a Gaussian line spread function of a spectrograph and 

rebinning to final pixel resolutions. We then added CCD readout and dark 

noise leading to the final simulated spectra of background and target + 

background. 

12. Subtracting background spectrum from the target + background spectrum and 

correcting simulated target spectrum by terrestrial atmosphere extinction. 

13. Calculating final signal-to-noise ratios. 

14. Exporting all FITS files to ASCII text tables. 

 

The final plots were made from the ASCII text tables by the xmgrace program (67). 
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Methods - Orbit 

Introduction: 

The orbiting starshade will fly in formation with a ground-based telescope, such as 

those on Mauna Kea or Cerro Armazones. During observation the starshade is 

required to remain within ± 2 m of the Line of Sight (LOS) between the ground 

telescope and the target star. The LOS is fixed in direction during an observation, as 

the rotation of the Earth moves the telescope. High thrust is required to accelerate the 

starshade to match the acceleration of the observatory, while high maneuvering 

capability is required for retargeting. This indicates the usage of a hybrid propulsion 

system, where a chemical system is used for observations, and an electric propulsion 

system is used for transferring between targets.  

 

In the sections below we show the sky coverage availability based on geometric 

constraints, calculate the station-keeping maneuver requirements, outline the 

retargeting maneuvers, discuss the possible target star list, and estimate the number of 

targets that can be observed. 
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Sky Coverage:  

To calculate the geometrical visibility of the sky we list the requirements. First, the 

sky must be dark enough for observation, with the Sun at least 18° below the horizon. 

Second, we require good adaptive optics performance; performance degrades rapidly 

beyond a zenith angle of 60°, with twice the amount of atmosphere as overhead, and 

half the isoplanatic angle. Third, the starshade surface facing the telescope should not 

be illuminated by the sun, or it is too bright. For now we specify that the Sun must be 

at least 1° above the plane of the starshade, so that any structures on its Earth-facing 

surface are in shadow. This may be a difficult requirement to meet, in which case a 

larger tilt angle would be chosen. Fourth, the starshade plane should be perpendicular 

to the line of sight within about 20° to avoid reducing the suppression of diffracted 

starlight. The diffraction depends on the projected radius, which is the actual radius 

times the cosine of the tilt angle; cos(20°) = 0.94, but cos(30°) = 0.87, showing rapid 

loss of performance past 20°.  

 

Note that the orbit that provides the matching velocity is strongly dependent on the 

observing geometry. For a star on the equator, the transverse velocity of the 

observatory is proportional to the cosine of the zenith angle, and the minimum safe 

orbital radius at the time of observation is inversely proportional to that velocity. 

Hence there is a premium on observing near the meridian where the transverse 

velocity is as high as possible and the starshade is as close to Earth as possible, while 

maintaining a safe perigee altitude.  
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Calculating the differential acceleration during an observation: 

To hold the starshade on the line of sight from the accelerating telescope to the star, 

we require thrust. In addition, the radial gravitational field of the Earth adds a small 

transverse acceleration to the starshade, as seen from the observatory. For this section 

we consider the two-body approximation, neglecting the perturbations of the Moon 

and the Sun. We compute the difference between the acceleration of the ground 

telescope and the gravitational acceleration of the starshade, in the direction 

perpendicular to the LOS. For the telescope meridian aligned along the x-axis of the 

inertial coordinate system at the start of the observation, the acceleration of the 

telescope is given by: 

𝑎𝑇𝑒𝑙𝑒𝑠𝑐𝑜𝑝𝑒⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑  ⃑ = −𝑅𝐸 cos 𝛽  𝜔𝐸
2 [

1
0
0
] 

The starshade position vector is given by:  

𝑟𝑆𝑡𝑎𝑟𝑠ℎ𝑎𝑑𝑒⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑  ⃑ = 𝑅𝐸 [
cos 𝛽

0
sin 𝛽

] + 𝑑 [
cos 𝛿 cos𝑅𝑅𝐴
cos 𝛿 sin 𝑅𝑅𝐴

sin 𝛿
] 

where the starshade gravitational acceleration is given by: 

𝑎𝑆𝑡𝑎𝑟𝑠ℎ𝑎𝑑𝑒⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑  = −
𝜇

𝑟3
𝑟𝑠𝑡𝑎𝑟𝑠ℎ𝑎𝑑𝑒⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑  ⃑ 

Finally, we calculate the differential acceleration required to maintain LOS 

∆𝑎 = (𝑎𝑆𝑡𝑎𝑟𝑠ℎ𝑎𝑑𝑒⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑  − 𝑎𝑇𝑒𝑙𝑒𝑠𝑐𝑜𝑝𝑒⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑  ⃑)𝑥�̂� 
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Where: 

 𝛽 = 𝑡𝑒𝑙𝑒𝑠𝑐𝑜𝑝𝑒 𝑙𝑎𝑡𝑖𝑡𝑢𝑑𝑒  

d = 175,000 km, nominal starshade telescope separation from the observatory,  

𝜇 = 𝐺 ∙ 𝑀𝐸 , where G is the gravitational constant and ME is the mass of the Earth,  

 𝑟𝑆𝑡𝑎𝑟𝑠ℎ𝑎𝑑𝑒⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑  ⃑, 𝑠𝑡𝑎𝑟𝑠ℎ𝑎𝑑𝑒 𝑙𝑜𝑐𝑎𝑡𝑖𝑜𝑛 𝑣𝑒𝑐𝑡𝑜𝑟 

𝛿 = 𝑡𝑎𝑟𝑔𝑒𝑡 𝑠𝑡𝑎𝑟 𝑑𝑒𝑐𝑙𝑖𝑛𝑎𝑡𝑖𝑜𝑛,  

RRA = relative right ascension of star from the telescope. 

 

Note that for the large distances needed during observations, the transverse 

acceleration of the starshade due to the Earth’s gravity is very small compared with 

the acceleration of the observatory. 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

59 

 

Choosing a matching orbit for a Target Star 

 

Here we calculate the orbit choices in the 2-body approximation, ignoring the 

perturbations of the Moon, Sun, the other planets, and solar radiation pressure. Later 

we estimate the effects of the Moon and Sun, which become important when the orbit 

size is comparable to the lunar distance. 

 

As noted in the main text, the orbit must match the projected transverse velocity vT of 

the observatory, perpendicular to the line of sight. This velocity in general has both 

East-West and North-South components. For targets on the meridian, vT is all in the 

East-West direction and is 465 cos(α) m/s, where α is the latitude of the observatory. 

Off the meridian, vT is significantly reduced, requiring a greater distance to the 

starshade. Ignoring the small angle between the line of sight and the radial direction 

from the center of the Earth to the starshade, we compute the specific angular 

momentum of the starshade as L = vT r, where r is the distance of the starshade from 

the center of the Earth. Since L is a conserved quantity, it is also the product of the 

orbital velocity at perigee and the starshade radius at perigee. We choose the perigee 

distance for safety; for the table below we assume 1000 km. Note that if vT is reduced 

below a safe value during an observation, then a subsequent failure of the propulsion 

system would endanger the mission. Lower orbits may be more susceptible to man-

made space debris as well. There is a family of orbits with the specified perigee radius 

and various perigee velocities. For each orbit there is a distance at which vT is the 

desired value. Except for the smallest possible orbit with a ~ 3-day period, this 
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distance is not at apogee. Instead, we observe at an angle away from the axis of the 

ellipse, given in the table. For a given orbit, there are two possible target observations, 

one outbound and one inbound; conversely, there are two different orbits with the 

same period that can be used to observe a given target. The angle between them differs 

by twice the angle off-axis, up to ~0.7 radian for a 30-day orbit. 

 

The results are shown in Table S1. To obtain the values in the table, we calculate the 

total orbital energy at perigee from U = -Gµ/r + v2/2, where r is the distance from 

Earth, v is the velocity, G is the gravitational constant and µ is the mass of the Earth. 

We find the semimajor axis a from a = -Gµ/2U, and the eccentricity from e = 1 – Rp/a 

where rp is the specified perihelion radius. We get the observing radius from robs = 

L/vT, and solve for the angle θ off-axis. For that we use the polar equation r = a(1-

e2)/(1-e cosθ), cosθ= (1 - a(1-e2)/r)/e. Note that the angle off-axis is quite strongly 

dependent on the perigee velocity and orbit period. This is very useful in planning 

observations and optimizing fuel consumption for retargeting.  
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Lunar and Solar Effects on orbit 

 

For orbits that stay close to Earth, the effects of the Sun and Moon can be described as 

a gravity gradient. The geocentric coordinate system is not inertial since the Moon and 

Sun are pulling on the Earth, but we can still use the geocentric coordinates if we 

compute the difference of accelerations of the starshade and the Earth. Here we are 

interested in the rough order of magnitude of the effects. The gravitational gradient of 

acceleration is 2GM/r3 in the radial direction, where M is the mass of the source and r 

is the distance from it. If we assume a typical difference in radius of 200,000 km and a 

typical time of 3 days, the lunar and solar gradients induce velocity changes of 8.95 

and 4.11 m/s respectively. These are small compared with the orbital velocities and 

they act slowly, so they can be compensated by solar electric propulsion as needed. A 

more extreme example would be a 30-day orbit, with an apogee of twice the lunar 

distance. The lunar force varies through the month and the gradient approximation is 

inadequate. The solar gradient acting over the larger distance and longer time interval 

would produce up to ~160 m/s × cos(γ) where γ is the angle between the orbit axis and 

the direction to the Sun. As we have γ ~ 90°, this is not large enough to be very helpful 

in retargeting maneuvers. 

 

A lunar encounter can be quite significant even at a distance of 100,000 km. In the 

impulse approximation the effective acceleration is -GM/d2 where d is the impact 

parameter, the distance from the initial trajectory to the Moon, and the effective time 

of action is 2d/vrel where vrel is the relative velocity. Hence the velocity change is 
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approximately 2GM/(d vrel). As the Moon’s orbital velocity is about 1000 m/s and 

typical velocities of the starshade near the Moon are 300 m/s, we set vrel = 700 m/s and 

obtain a velocity change from this encounter of 140 m/s. This is large enough to 

interfere with repeating an observation of a particular star on a subsequent orbit, and 

also large enough to be useful in intentional retargeting maneuvers. 

  

Targeting and Retargeting 

Given a choice of the target star, a ground-based observatory, a date, and a time of 

day, we have specified four of the six degrees of freedom for the starshade orbit. There 

are still two degrees of freedom: the distance of the starshade and its radial velocity at 

the time of observation. There is a safe minimum distance, such that the orbit after 

observation has a sufficient perigee altitude; larger values are permissible but reduce 

the suppression of diffracted starlight. The radial velocity can be either positive or 

negative; the choice has a large effect on the orientation of the orbit since observations 

are not in general done at apogee. As shown in the table, the angle between the axis 

and the observing direction can approach 0.4 radians. The distance and radial velocity 

determine the orbit period; they can be chosen to be commensurate with the sidereal or 

solar day, to enable a subsequent observation of the same target on the next orbit, with 

or without a change of time of day. The choice of orbit period determines the potential 

number of repeat observations; there is a range of dates at which the target is 

observable, determined by geometrical constraints. 
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The last column in the table is the velocity change dV required for a small change of 

orbit plane inclination dϕ. (We assume for now that the argument of perigee is 90° or 

270°, although this would change if observations are taken when the target is not on 

the meridian.) If we want to change the inclination of the orbit plane to observe a 

different target, without changing the orbit period, we need to change the direction of 

the angular momentum vector slightly, and the increment is parallel to the axis of the 

ellipse. For a given impulse, the largest change of angular momentum occurs if the 

force is applied at the maximum distance from the major axis, namely on the 

semiminor axis. Then dV/dϕ is given by L/b where L is the specific orbital angular 

momentum and b is the semiminor axis. The implementation would divide the impulse 

into two parts, one on the outgoing part of the orbit, and one in the opposite direction 

on the return, and in both cases, the impulse would be perpendicular to the orbital 

velocity, so that the magnitude of the velocity does not change and the orbital period is 

unaffected. This method cancels the undesired twist of the orbit around its axis. As the 

orbit size increases, so does b, approximately as the cube root of the orbit period. We 

obtain a similar answer by a simple argument about distance traveled in a fixed time, 

which has the virtue that it is not dependent on the specific direction of the change of 

orbit axis. The characteristic time is the orbit period, and the characteristic distance is 

the apogee times the angle dϕ, requiring two impulses (to start and stop). The total dV 

is then a factor of order unity times 2 × apogee × dϕ / (orbit period). We also obtained 

the same answer with the GMAT (68) orbital analysis tool. The limit as apogee 

increases would be a “deep space maneuver”, showing that we would still need to 

expend about 1000 m/s per radian of orbit direction change. 
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As the apparent Sun moves through the sky, the allowed observing windows shift 

eastward about 1°/day. If we wish to observe one star per month, on a single visit with 

a 1-month orbit period, we need to move the orbit orientation eastward 30°/month as 

well. With a 1 month orbit period, the dV cost is about 500 m/s per month or 6 

km/s/year, not including north-south orbit adjustments. Just keeping up with the Sun 

will require significant fuel consumption. Alternatively, we can make small, slow 

maneuvers to a nearby target and wait until the Sun moves back to a favorable 

location, in about 6 months. This would be the least costly observing strategy, but 

yields only two targets per year.  

 

Assuming retargeting is done primarily with solar-electric propulsion, the rate of 

maneuvers is also limited by the available force. The quoted acceleration of 500 

m/s/month would require a thrust of at least 3 N on a mass of 15,000 kg, which is not 

impossible with available technology. If sufficient thrust cannot be achieved or 

afforded, then the starshade cannot keep up with the motion of the Sun, at least for 

stars on the equator. In that case we would fall back to observing two targets/year. 

 

As noted above, close approaches to the Moon can be helpful in re-orienting the orbit, 

but a velocity change of 140 m/s required an impact parameter of 100,000 km. This is 

about ¼ of the radius of the lunar orbit, so its influence is potentially useful within an 

angular range of ± 15° from the plane of the lunar orbit. This range includes about ¼ 

of the sky. It might be possible to achieve a monthly cadence, with a lunar maneuver 
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to change the target longitude by 30° each time. In principle a very close encounter 

with the Moon might enable a large change of longitude, but planning for such an 

encounter is beyond this scope of this article. 

 

Fuel Requirements 

From the rocket equation, we can achieve a velocity change ΔV = g Isp ln(m2/m1), 

where g = acceleration of gravity on Earth, Isp is the specific impulse of the engine, 

and m2 and m1 are initial and final masses. With two different propellants used in 

proportion, the rocket equation is modified. With mf = the total fuel mass, mc = the 

chemical fuel mass, and mion the ion fuel mass, we have ΔVc = (mc/mf) g Ispchem 

ln(m2/m1), and similarly ΔVion = (mion/mf) g Ispion ln(m2/m1). For example, assume that 

we use the “green” monopropellant hydroxyl ammonium nitrate with Isp = 257 s with 

mass mc = 0.5 m1, and an ion engine using xenon with Isp = 2700 s and mass mion = 

0.6 m1 and that they are used in proportion. In this allocation, the fuel mass is 1.1 

times the dry mass. Then we can obtain ΔV = 849 m/s for chemical fuel and 10708 

m/s for ion propulsion. This is enough to observe each of a dozen targets for about an 

hour with 71 m/s, assuming ion propulsion to un-do the 71 m/s of station-keeping 

thrust per target, and allowing another 821 m/s per retargeting maneuver. This appears 

possible provided the targets are typically 0.7 radians apart and enough time (~ 2 

months) is allowed. Otherwise more fuel is required. 
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Available Targets and Observing Strategies 

Given that exposure times are limited by starshade orbital geometry and fuel 

consumption, even the largest ground-based telescopes can see exo-Earths over a 

limited range, of order 17 pc for imaging, and 7-10 pc for spectroscopy. This range 

depends on overall system efficiency and the effectiveness (Strehl ratio) of the 

adaptive optics. Sensitivity ranges would be increased by a factor of 10 if we are 

interested in Jupiters at 1 AU, but 1 AU falls inside the inner working angle at ~ 20 pc. 

For stars significantly brighter than the Sun, the habitable zone is much wider. These 

distances are still small compared with the scale height (300-400 pc) and the width 

(~1100 pc) of the local (Orion) spiral arm of the Galaxy, so the targets with potentially 

visible exo-Earths are randomly distributed in space. The number N included in a 

given maximum range scales as the cube of the range, and the angles between them 

are on average θ ~ (4π/N)1/2. This average controls the fuel requirement for 

retargeting, along with the need to keep up with the motion of the Sun through the 

year. 
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Target lists for the Exo-S, WFIRST starshade rendezvous, HabEx, HabEx with 

starshade, LUVOIR, and EarthFinder have been published. They are selected based on 

observability and on the likelihood of hosting planets. Most are in the F, G, and K 

stellar classes; M stars are more common but for most the habitable zone orbits are too 

small for direct imaging. For WFIRST Starshade Rendezvous there are 16 stars out to 

8.4 pc; for HabEx there are 150 out to 21.75 pc for a dedicated 5-year mission. The 

HabEx inner working angle ranges from 39 to 104 milliarcsec, according to the 

starshade separation. The orbiting starshade IWA is at most 50m/178000 km = 59 

mas, and is smaller at higher separations. For the 8 m LUVOIR there are 158 targets 

out to 22.9 pc; for EarthFinder, doing a precision radial velocity survey, there are 61 

stars. We conclude that the ground-based telescope with an orbiting starshade can 

reach a comparable number of targets, depending on observing strategy, desired signal 

to noise ratios, and refueling decisions. 
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Yield Estimation 

For the slow, economical case, we would choose targets from an optimal list of ~ 12 

stars, ideally targets with known planet orbits and masses from precision radial 

velocity surveys. If the EarthFinder starts with 61 stars and finds 20% with candidate 

Earths, there would be just 12. We would choose a short orbit period (~ 4 days) to 

enable multiple observations, with at least one long spectroscopic observation. 

Multiple observations would detect variations of planet properties over time, due to 

weather, surface features, rotation, etc. They would be spread out over an observing 

window of a month or more, sufficient to confirm common proper motion and orbital 

parameters. Following this month of observations, we would boost the apogee and 

raise the orbit period to 4 months, enabling a deep-space retargeting maneuver at 

minimum fuel cost. The next target star would be ~ 1 radian away and the maneuver 

would require a velocity change of ~ 600 m/s to go 1 radian in angle. Also, boosting 

and lowering the apogee costs about 150 m/s each, for a total maneuver of 900 m/s. 

With this strategy, observing all 12 targets would require about 11 km/s for 

maneuvering and a mission duration of 6 years. It might be possible to carry enough 

fuel to observe all 12 targets without refueling. The total observing time depends on 

the chemical fuel budget and the declination of the target stars. 
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Fig. 2.4.1. SNR in a 20-minute exposure on a V=31 planet, in a 400-700 nm band. The curvature at high 

Strehl is due to the dominance of source photon noise. 

 

 

Fig. 2.4.2. Image of a scene assuming SR=0.1. The scene contains two V=31 planets around a V=6 star 

that is blocked by the starshade. The system is at 10 pc and has a zodiacal disk 10 times brighter than 

our solar system. The integration time was 1200 s. The large circular disk is the seeing halo, and it 

contains 90% of the starlight that was leaked by the starshade, while 10% of the leaked light remains in 

the center of the image plane 
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Fig. 2.4.3. Sky radiance (upper panel): The background radiance is dominated by non-thermal 

chemiluminescent emission arising in the upper regions of our Earth's atmosphere (dominantly from 80 

to 300 km above ground), mainly from the hydroxyl molecule (OH), molecular oxygen (O2), and 

individual line emitters (neutral oxygen, nitrogen, and sodium). Also, weak, broad emission bands from 

FeO can be measured. Other components of light emission are zodiacal light, and scattered star- and 

moonlight. Transmission (lower panel): The transmission of the Earth's atmosphere in the optical and 

near-infrared range is dominated by molecular oxygen and water vapor absorptions. Due to the high 

temporal variability of the latter, the correction for these absorptions is crucial. The decrease of the 

transmission towards the blue end mostly arises from Rayleigh scattering of the air molecules (dashed 

line). 

Fig. 2.4.4. Simulated spectral observations for an Earth-type planet showing the individual components, 

from the raw observations to the final spectrum corrected for telluric absorption and atmospheric 

scattering. Strehl = 0.5, R= λ/δλ = 150, 1 pixel = 700 nm/2R = 2.34 nm. Widths of Earth spectra are ± 

1σ. 
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Fig. 2.4.5. Predicted signal-to-noise ratios as a function of the wavelength for the modeled observations 

at system distances of 5 pc (left panel) and 10 pc (right panel). Exposure times were chosen to obtain a 

signal-to-noise ratio of 10 or higher for each pixel in continuum spectral regions, while the ratio 

decreases within the molecular bands. The maximum exposure time of 2.5 hours is required only for 

objects with Earth-like atmospheres at 10 pc. Strehl = 0.5, R= λ/δλ = 150, 1 pixel = 700 nm/2R = 2.34 

nm. 

 

 

 
Fig 2.4.6. Effect of the Strehl Ratio (SR) for spectroscopic observations with a resolution of R = λ/δλ = 

150 and a sampling of 2.5 times smaller wavelength bins to fulfill the Nyquist–Shannon sampling 

theorem. Upper: the required increase of exposure time to keep the signal to noise ratio constant for a 

system at a distance of 5 pc. Lower: degradation of the signal to noise ratio for a system at 10 pc 

distance at the assumed maximum allowed exposure time of 2.5 hours. 
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Orbit Choices for 25 deg latitude observatory, meridian 
star, 1000 km altitude perigee 

   

V_perigee Period apogee radius at 
obs 

angle 
off-
axis 

eccentrici
ty 

apoge
e 

speed 

dV/dϕ  

m/s days m m rad 
 

m/s m/s/ra
d 

10194.442 3.469 1.8621E+
08 

1.7844E+
08 

0.084
8 

0.9238 403.9
3 

2029 

10234.442 4.834 2.3413E+
08 

1.7914E+
08 

0.200
2 

0.9389 322.5
1 

1817 

10274.442 7.420 3.1401E+
08 

1.7984E+
08 

0.268
8 

0.9541 241.4
1 

1575 

10314.442 13.592 4.7377E+
08 

1.8054E+
08 

0.322
0 

0.9693 160.6
3 

1287 

10354.442 38.332 9.5304E+
08 

1.8124E+
08 

0.366
6 

0.9846 80.16 911 

10394.442 8.82E+
7 

1.6742E+
13 

1.8194E+
08 

0.405
5 

1.0000 0.00 7 

 
Table 2.4.1. Orbital parameters showing the shape of the orbit and retargeting maneuver requirement 

versus perigee velocity. 
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Chapter 3- Solar Cell Arrays 

3.1 Introduction 

 

Solar cell technology was first introduced for space applications on March 17, 1958, 

with the launch of the Vanguard 1 satellite. The spacecraft’s rudimentary array 

consisted of six single-crystal silicon cells which produced a total of 1 W and operated 

at 10% efficiency and are still in orbit as of today (1). Since then, the use of solar 

arrays on spacecraft has revolutionized space science and exploration, with more than 

95% of space missions relying on solar power. Solar power used for space exploration 

came to prominence due to its availability, modularity, cost, reliability, and safety 

among many other reasons. The technology itself has also made great strides, 

supporting increasingly ambitious missions with high-energy payloads and distant 

targets: supporting missions as light as 1 kg and as heavy as 462 tons, as low-power as 

1 W and as high-input as 120 kW, with destinations as distant as Jupiter and as close 

as our Sun. The Juno mission stands an example of a landmark achievement in space 

exploration facilitated by advanced solar technology (2): a Jupiter probe consisting of 

a nearly four-ton spacecraft with a sixty square meter solar array that provides 435 W 

of power at a vast distance of 5.2 AU.  
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3.2 A Theoretical Investigation and Meta-Analysis of Solar-Powered Spacecraft 

for Science Space Missions  

 

It is clear that mission power capabilities are tied to the characteristics of the solar cell 

array, but exact relationships between the state of solar technology and the 

architectures of missions that do (or don’t) fly have never been formally established. It 

would be helpful for the scientific community among many others to know which of 

the many desired mission architectures are either feasible or inaccessible due to 

practical constraints. Here we study these constraints on feasible mission architectures 

from a power perspective. This analysis contains two investigations: Section 3.2.1 

presents empirical data from a sample set of solar-powered space missions and find 

that solar arrays are the crux of mission feasibility. Section 3.2.2 studies mission 

constraints theoretically, and establish what mission architectures should be exploited 

given current solar array technology. From these investigations, at first, I establish the 

occupied and unoccupied regions of mission architectures and develops the argument 

that improvements in efficiency are insufficient and arguably not required to expand 

possible mission architectures and that instead, the development of low-mass, low-

volume flexible deployable arrays is crucial to the advancement of space science.   
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Empirical Investigation of Sampled Space Missions: 
 

A sample set of three hundred and forty missions launched (or planned) between the 

years of 1989 and 2026 is presented. We open by presenting the data. figure 3.2.1.1.a 

displays distributions of missions range and total generated power. Figure 3.2.1.1.b 

displays distributions of solar array mass,  and solar array surface area. Figure 3.2.1.c 

displays distributions of empirical solar array specific power, and empirical solar array 

efficiency. This is to say that we examine the solar array performances in their 

operational environment.  

 

 

 
 

Fig 3.2.1.  Top) Distribution of mission ranges, or the furthest point from the sun that the spacecraft 

reaches, and mission power levels. [Power capped at 5 KW]  Middle) Distribution of solar array surface 

area and solar array mass. [Mass capped at 500 Kg]  Bottom) Distribution of solar array empirical 

efficiency (calculated at Earth) and specific power ( for the entire array measured at the destination of 

the mission). 
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I continue by displaying in Figure 3.2.2  the range dependence of these parameters, to 

do so we create three ranges categories, 0-1 [AU] representing all missions between 

the Sun to Earth where all Earth missions are included, 1-2.5 [AU] for missions 

between Earth to Mars where all Mars missions are included, and from 2.5-5.2 [AU] 

for missions between Mars and Jupiter including Jupiter. 

 

 
Fig 3.2.2. Displaying spacecraft properties as a function of operational range, 
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We finalize by displaying Table 3.2.1 that summarizes the presented data and presents 

for each it's average, median, minimum, and maximum values.  

 

Table 3.2.1. – Summary of mission data, separated by target distance.  

  

As spacecraft operational range grows, some preliminary observations can be 

established based on trends observed at figure 3.2.2:  

 

At farther distances with tighter constraints on power availability, missions are fairly 

homogeneous with similar masses and power consumptions. At Earth, a broad 

spectrum of missions is utilized, from 1 W Cubesats like GRIFEX [3] to the 

enormous, high-power International Space Station (4). This spread represents the 

pursuit of a range of scientific objectives, from simple Earth observation to supporting 

human activity and experimentation in space. Such a spread of ambitions is not 

present in more challenging operational environments but is still desired by the 

scientific community as indicated by its usage around the earth. This spread is visible 

in Figure 3.2.2. where the narrowing of the power band can be seen for different target 

ranges. 

 

 0-1 [AU] 1-2.5[AU] 2.5–5.2 [AU] 

 Average Median Min Max Average Median Min Max Average Median Min Max 

Real Power (W) 1095 555 1.1 14000 646.2 500 17 2000 789.3 820 435 1300 

Mission Solar Array Mass (kg) 50.3 24.5 0.06 494 50.8 40.9 0.54 148 288.5 296.4 84.4 450 

Array Area (m2) 11.2 6.0 0.02 100 11.4 9.1 0.18 49.2 68.6 64 36.4 100 

Solar Array 

Empirical Efficiency (%) 

8.23 7.04 0.5 26.4 12.8 12.8 1.15 28.8 15.9 16.3 7.9 23.6 

Solar Array  

Empirical Specific Power  (W/Kg) 

28.6 22.6 1.55 126.9 19.5 16.0 1.83 99 3.56 2.0 1.5 7.34 
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Solar arrays tend to grow larger and heavier on average as the range grows, yet none 

are larger or heavier than the largest ones used around Earth. This is to say that around 

earth spacecraft span the full solar array architecture space. 

 

Spacecraft are designed more efficiently from a power perspective, as can be seen by 

the solar array empirical efficiency. Where in some earth-orbiting spacecraft, like the 

BRITE Austria (5), panels cover all sides of the spacecraft and only some are used to 

power the spacecraft at a given time, far-reaching spacecraft like Juice (6) construct 

solar arrays and mission profiles that are designed such that power extraction is 

maximized. Mission empirical specific power is a good indication for that as well, 

showing that for long-range missions where the Sun flux is low and solar array mass is 

large, current technologies are used to their limit.  

 

Finally, as can be seen, the fraction of total mass occupied by the solar array increases 

with the target range. While these fractions spanning between ~10-30 percent may 

seem small, but considering launch mass limitation, and minimal mass required for a 

variety of sub-systems it reverberates throughout the spacecraft design process leading 

to a limited architecture space for future missions. 

Theoretical Analysis 

To understand the empirical data, understanding must be established of the many 

factors that contribute to solar array design, and ultimately identify the theoretical 

underpinnings of mission feasibility. This section discusses the design considerations 

for an ideal solar array, identifying the primary constraint of engineering for space 
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exploration to be power availability, and the primary consequence to be untenable 

array size. For the sake of discussion, we have chosen to simulate a hypothetical 

mission with a power requirement of 600W (median power usage for sampled space 

missions), range of 0-40 AU (relevant ranges within our solar system) and efficiencies 

of 29 and 68 percent, chosen to reflect current solar cell performances (7)  and the 

limiting theoretical efficiency of an infinite multi-junction cell (8).  

1. Power Availability and Operational Conditions  

One of the primary considerations of spacecraft design is power availability. Solar 

flux, which is derived explicitly in the SI, drops off by a factor of 1/r2 making power 

generation challenging for farther-ranging missions. Figure 3.2.3 illustrates the 

incoming flux from the sun as a function of range. Missions near Earth have some 

flexibility of mission design due to an abundance of available power, but far-ranging 

missions are severely restricted by their ability to collect sufficient power to support 

the spacecraft and its instruments.  

 
Fig 3.2.3 – Power flux as a function of range [AU]  
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2. Surface Area of Solar Array 

This problem is made even starker by the limits of current solar cell technology. 

Efficiencies of current high-performing solar cells are around 29%, meaning sufficient 

power generation is strongly constrained not only by range but also by the necessary 

solar array surface area to collect enough incident radiation. Figure 3.2.4.a estimates 

required a surface area of solar arrays for two selected efficiencies: the first is taken to 

be 29%, which is typical of currently used high-performing cells under ideal 

conditions, while the second, for the sake of discussion using the ideal scenario, is 

taken to be the theoretical limit of multi-junction solar cells at 68%. 

 

Fig 3.2.4. – Minimum solar array surface area for a 600W mission.  

      

Taking a quick glance at Figure 3.2.2.2 the challenge becomes clear: even at such low 

power levels, surface areas required to travel throughout our Solar System are 

measured in hundreds of square meters. Excluding the ISS, which is a special case of 

in-space assembly over a long period of time, the maximum surface area utilized on a 
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spacecraft to date is ~100 m2, which empirically caps mission range to ~8 AU for 29% 

efficiency and ~12.5 AU for 68%. Solar array sizes for missions ranging to 40 AU are 

simply too large to consider. As can also be seen from Figure 3.2.2.2, while improving 

solar-cells efficiency is beneficial and will decrease the required surface area to 

produce desirable power levels, it cannot sufficiently expand the reach of space 

missions.  

3. Mass of Solar Array  

We now estimate the predicted mass of solar arrays for the study case introduced, 

shown in Figure 3.2.5 In the interest of creating an idealized mass scenario for 

analysis, we elect to simplify deployment cases and include only major mass 

components. We focus on three major cases for array deployment: (A) body-mounted 

(BM), such as those on GRACE-FO [9], are used in the spacecraft’s surface area 

provides sufficient collection area. (B)  Rigid-deployable (RD) structures such as 

those used on MAVEN (10), in which case the solar cells are supported by a rigid 

backing panel. (C) A flexible foldout array such as those on the ISS, where a blanket 

array is unfurled and supported by booms as well as Ones used on Cygnus.  

 

Fig 3.2.5 – A) Body mounted solar array on GRACE B) MAVEN rigid deployable array C) ISS and 

Cygnus Flexible arrays D) Distribution of body-mounted and Rigid Deployable arrays across different 

operation ranges.  
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Of the missions studied here, 69.7% employ RD arrays, 30.2% employ BM arrays 

(which are only used for missions orbiting Earth), and only few missions, Like Lucy, 

employ a flexible array. Several missions use a combination of array types, which this 

mass calculation does not account for.  

 

Deployable arrays typically will have several additional mass components that we 

elect to ignore, such as hinges, gimbal for sun tracking, and solar array drive assembly 

(SADA) mechanisms, which would, in reality, add significant mass. Solar cells 

similarly include additional components such as contacts, adhesives, and paints, etc. 

which increase the total mass of the array as well. For the sake of discussion, these 

components are not included to construct a highly conservative mass estimate. We 

choose to emphasize two major mass components that will be used when calculating 

the solar array mass: the solar cells themselves, including encapsulation, and the 

supporting structure of the array. The full mass calculation is presented within the 

attached SI. 

 

Using values presented and equations derived in the SI, we calculate the theoretical 

minimum array mass for 29% and 68% efficient cells and the most common and 

relevant case of rigid deployable arrays, displayed in Figure 3.2.6.. Missions from our 

sample set are overplotted on these theoretical curves. The maximum solar array mass 

of ~500 kg again practically limits mission ranges. We elect to trim the range of the 

plot to 20 AU but stress that at distances of 40 AU the predicted minimum Rigid-

Deployable array mass rises to ~16,000 kg. 
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Fig 3.2.6 – Required solar array Mass for a 600W mission, calculated for current and ideal efficiencies, 

and different deployment mechanisms. The green region up to 7.5 AU indicates currently employed 

mission architectures; the red region up to 12.5 AU indicates the region that should be occupied based 

on theoretical prediction, but in fact, it is not. The hatched region that passes 15AU indicates the region 

that might be unlocked with the use of flexible arrays. Select mission data presented in Section 1 are 

overplotted in blue.  

 

There is an apparent discrepancy between what is theoretically possible and where 

missions fall. The green region indicates where missions are predicted to exist and do; 

the red region is where missions are predicted to exist, but in reality, do not. Given 

that the majority of the missions studied here operate at a nominal efficiency of 29% 

and utilize RD arrays, missions should fly up to 12.5 AU, which should enable solar-

powered missions to Saturn. Even though most missions employ RD arrays, no 

missions fly to distances theoretically facilitated by RD arrays.  
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This discrepancy can be explained in few ways: as a simple explanation, the mass 

calculations presented here could be unreasonably forgiving, and array mass increases 

much more rapidly than predicted as the range expands. This explanation still supports 

the recommendation of this paper, discussed further in Section 3, that a cornerstone of 

mission feasibility is solar array mass and that reduction of array mass should be a 

primary focus. A second conclusion is that while it is undeniably a contributing factor 

as seen by the general trends in the figures above, efficiency is simply not the primary 

governor of the distances a mission can reach. 

Discussion and Conclusions 

 

There is a discrepancy between theoretically possible regions and empirical occupancy 

when parameterized by efficiency. While efficiency has been the prevailing way to 

characterize solar array performance, this discrepancy between theoretical and 

empirical possibility indicates that there is a more fundamental governor of mission 

feasibility, which we determine to be specific power of the solar array (hereafter SP). 

Figure 3.2.7 visualizes the landscape of mission architectures, parameterized by power 

(adjusted by a factor of squared distance) and mass; the relation between these axes is 

the SP. 
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Fig. 3.2.7 – Specific power of the solar array at Earth. A minimum of 1 W/kg is plotted as a dashed 

black line, showing that no missions fly with any smaller specific power. 

  

 

Missions are strongly clustered around ~30 W/kg (red dashed line), and are strongly 

bounded: no missions fly with SP lower than 1 W/kg (lower dashed line), and the 

maximum empirical SP of this dataset is 200 W/kg (upper dashed line). There are two 

unoccupied regions. The empty region of high-mass and low-power is of little interest 

since this is not generally desirable; however, it is interesting that the high-power low-

mass regime is empty, indicating that while this is a highly desirable region, it is 

technologically inaccessible. NASA’s ORCAS (11) mission study is an example of a 

very small spacecraft operating around Earth that could benefit from such a 

combination. 
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Figure 3.2.8 shows based on our analysis what maximal ranges can be achieved, begin 

by introducing three hypothetical solar array technologies with specific power levels 

of 10, 100 and 1600 [W/Kg], the lines show how the Empirical Specific power change 

as a function of range until it reaches the lower limit of 1 [W/Kg]. We then color code 

region where a maximal surface Area of 100 [m^2] could be contained, we do so for 

power levels of 100, 300, 1000 [Watts]. The combination (Under the line, within the 

color) indicates where current and future missions could exist when both theory and 

empirical evidence reside.  

 

 
Fig. 3.2.8 – Practical power operation limit for Spacecrafts.Horizontal Axis range in AU, Vertical is 

Specific Power in [W/Kg]. Lines represent a hypothetical Solar array technology Specific Power. 

Colored regions show where a solar array with a surface area smaller than 100 [m^2] could exist. 
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There are two possible approaches to improving solar array specific power: increase 

generated power, or decrease array mass. The former has been the focus of the 

community for the past 40 years through improvements inefficiency. However, 

Section 2 finds that even if triple-junction solar cells efficiency improves to the 

theoretical limit of 68%, required surface area, mass, and storage volume to support 

median power requirements and allow for exploration of the entire solar system 

skyrocket beyond the point of feasibility. As can be seen in Fig 2.3.2b, the mass 

required from such solar array structures would be measured in thousands of 

kilograms, making it clear that to allow for space exploration missions to be not only 

feasible but reasonable, there is a need to reduce solar array mass. 

 

Future work is necessary to make specific recommendations for reducing solar array 

mass. However, we can point to areas of improvement that are valuable to consider, 

based on the known distribution of current missions.  

 

Considering the array mass calculation detailed in Section 2.3, the primary mass 

components are the deployment mechanism and the solar cells themselves. Mass 

reduction for the deployment mechanism can take several shapes. Known solutions for 

which great progress has already been made include the light-weighting of 

components and reduced cost of materials. Additionally, the configuration of the 

deployment mechanisms can be altered so that mass components are eliminated: for 

example, using tension-based deployment instead of motor-driven eliminates the 

requirement for a motor and for the many components needed to integrate it with the 

spacecraft.  
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More drastically, the method of deployment can be changed altogether. There have 

been a handful of recent missions that have employed flexible folding arrays: Lucy 

(12), a distant mission to Jupiter’s Trojans, and Cygnus (13) (the enhanced variant), a 

resupply craft for the ISS. These arrays are designed to facilitate these missions in 

challenging environments, including Lucy’s case of low flux availability as discussed 

at length in this paper. This flexible folding design reduces the mass required for the 

supporting structure. 

 

Mass reduction for the solar cells themselves can come by reducing cell thickness. 

Reducing thickness, as well as a previous suggestion of increasing flexibility, have the 

additional benefit of increasing launch vehicle stowage volume. Figure 2.2 illustrates 

the exponential increase of minimum solar array surface area as range increases; even 

with advances in specific power, attaching that amount of material to a spacecraft is a 

major design challenge. Creating highly foldable arrays may be a desirable solution, 

with mass decreases possible in both deployment mechanisms and in the design of 

solar cells.  
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Summary 

I present in this paper presents over 340 solar-powered scientific space missions and 

provides an empirical analysis of this dataset confirms several known trends that 

mission mass increases and power generation decreases with target distance. The 

outcomes reveal that the diversity of mission architectures is a function of the 

operational environment, with a wide range of designs existing at Earth and a narrow 

range flying to more distant targets. This analysis also shows that the mass fraction 

accounted for by the solar array increases with distance. The primary conclusion this 

paper draws from this empirical analysis is that mission architectures are strong if not 

primarily, influenced by power environment and thus by the capabilities and 

characteristics of the solar array. 

 

As a theoretical analysis, I examined a mission with parameters selected to be typical 

values from the previous empirical analysis. The minimum solar array surface area 

and mass are considered for a spacecraft median power level of 600W is calculated for 

two efficiency cases, 29% and 68%, for a range of desirable mission targets within the 

solar system of 0-40 AU. Array size and mass are found to increase to incredible sizes, 

thousands of square meters, and hundreds of tons respectively at these distances. 

Array surface area exceeds 500 [m2]  at ~17 AU, and solar array mass exceeds 1000kg 

at ~10 AU.  
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Progress in solar array technology has been pursued through advances in efficiency, 

but this quantity is found to be a poor predictor of mission feasibility: instead, it is 

governed by the specific power of the solar array. No missions fly with an array 

specific power less than 1 W/kg at their target destination, and this quantity is higher 

for more distant missions, which fly to much more challenging power environments. 

This paper suggests avenues through which the specific power of solar arrays can be 

improved, though it does not make explicit recommendations at this point.  
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3.3 Supplementary Materials 

 

Derivation of available flux from first principles: 

 

We open by defining the Spectral power density emitted by Blackbody at temperature 

T: 

 

We use E as a parameter describing Photon energy: 

 
We then present the Spectral power density as a function of E remitted by Blackbody 

at temperature T: 

 

 

The integrated Spectral power density can then be calculated by: 

 

 

Which in practice is the Solar radiation from our sun: 

 

 

We then calculate the power Loss coefficient at space as a function of the target point: 

 

 

 

And finalize by displaying the Flux as a function of distance from the sun: 

 

 

𝐔(𝛚) 𝐝𝛚 =
ℏ

(𝟐𝛑𝟐𝐜𝟐)
 

𝛚𝟑

(𝐞
ℏ𝛚
𝐤𝐓−𝟏)

𝐝𝛚  [𝐬𝐭𝐚𝐭 𝐌𝐞𝐜𝐡]   Eqn. 3.1 

 

𝐄 = ℏ𝛚 =
𝐡𝛚

𝟐𝛑
        Eqn. 3.2 

𝐔(𝐄)𝐝𝐄 =
𝟐𝛑

𝐡𝟑𝐜𝟐

𝐄𝟑

𝐞
𝐄
𝐤𝐓−𝟏

𝐝𝐄   [
𝐖

𝐦𝟐

𝟏

𝐉
]   Eqn. 3. 3 

𝐏 = ∫ 𝐔(𝐄)𝐝𝐄
∞

𝟎
= 𝛔𝐓𝟒 (𝐒𝐭𝐞𝐟𝐚𝐧 − 𝐁𝐨𝐥𝐭𝐳𝐦𝐚𝐧)   Eqn. 3.4 

𝛔𝐓𝐬𝐮𝐧
𝟒 = 𝟔. 𝟐𝟒 × 𝟏𝟎𝟔 [

𝐖

𝐦𝟐]   Eqn. 3.5 

𝜷𝒔𝒖𝒏(𝑹𝒑) =
𝟒𝝅𝑹𝑺𝒖𝒏

𝟐

𝟒𝝅𝑹𝑷
𝟐 [𝐚𝐭 𝐄𝐚𝐫𝐭𝐡 𝟐. 𝟏𝟓 × 𝟏𝟎−𝟓]   Eqn. 3.6 

𝐏(𝐑𝐩)𝐬𝐮𝐧 = 𝛃𝛔𝐓𝟒   Eqn. 3.7 
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Current State of the art: 

Solar cells, which are a building block that when integrated with a deployment 

mechanism and other sub-components compose the solar array comes in a wide 

variety. Fig 3.3.1.a shows the very well-known NREL Best research-cell Efficiencies 

while Fig 3.3.1.b shows the less well-known figure of Champion module efficiencies, 

which indicates better the performances of the market-ready solar-cells.  

 

 

Fig3.3.1.a– NREL, Best Research-Cell Efficiencies 

 

Fig 3.3.1.b – NREL, Champion Module Efficiencies 
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Chapter 4  

 

4.1 Introduction to computational simulation 

 

Whereas previous sections of this thesis examined the prospects and challenges 

related to light-matter interactions for next-generation space-based technologies (star 

shades and PV), this section examines the underlying material science and fabrication 

prospects that that can help bring the envisions technologies to fruition. The past 

decade has borne witness to astounding advances in the ability to create programmable 

(nano) materials with controlled size, shape, and composition. These advances have 

created an exciting opportunity space to create programmable materials targeted fir 

specific light-matter interactions. To fully capitalize on this prospect, scientists and 

engineers should embrace concurrent advances in computational design. In light of 

enormously large space of possibilities (in terms of photonic structures and materials) 

the combination of programmable materials with concurrent advances in 

computational optimization algorithms presents a compelling scientific challenge with 

tremendous technological potential.  

In this chapter, I analyze the fundamental electromagnetic light-matter interactions and 

provide a foundation for the optimization method that enables maximizing or 

matching a specific absorption spectrum,  I first review how FDTD is used and how 

they are modeled with MEEP, and show how employing such methods could assist in 

achieving such goals that are followed by an experimental section. 
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At the most basic level, our challenge is to find promising nanostructures that 

maximize absorption, reduce mass, and minimize thickness. All to support the goals 

indicated above. To do so, an optimization process needs to take place. It is incredibly 

clear that an unconfined search space, where no basic assumptions can be made of the 

nature of the material, structures, location, etc.  is doomed due to the share amount of 

time that will be needed to tackle such a challenge. We, therefore, focus specifically 

on a previously studied a-Si absorber and narrow the structure type to cylindrical 

cavities. Even after doing so, the share amount of possible combinations is so large 

that the computational time required to complete such search might take a lifetime. 

Consequently, future narrowing of the search space as well as optimization will need 

to take place to ensure reasonable results within a limited timeline.  

 

First it is important to state that for our purposes we require to optimize a non-

continues, multi-objective function. Optimization that requires large sampling is less 

desirable for our work. Furthermore, many optimization algorithms also assume that 

target functions are continuous which is unfortunately not the case in our case. 

Therefore, to allow for reasonable computational times and to do so for the cases 

examined we have decided to use evolutionary algorithms as the main work tool. 

Genetic algorithms (GA’s) are a sub-class of evolutionary algorithms that relay on 

bio-inspired principles. Specifically, the natural selection process in which the 

“fitness” of individuals in a population indicates higher chances of selection to 

produce the next generation of offspring that will become the next generation of the 

new population. Each individual is represented by a set of genes, and these genes are 

then being evaluated to determine the fitness of that individual. In our case the 

“individual” is one proposed solution to our problem while its “Fitness” is a measure 
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that indicates how good this solution is. We begin by generating an initial 

“population” of solutions, we then evaluate them for their fitness. We select a subset 

of the fittest solutions and use their genes to generate a new “population” of solutions, 

we repeat this process until an ending criterion has been met as illustrated in  

Fig 4.1. 

 

 

 

Fig 4.1 – GA’s Flow chart 

 

 

 

By using MEEP as a physics simulator of light absorption in thin films given its 

heritage and high-fidelity modeling, evolutionary algorithms will be created and used 

to optimize and explore beneficial architectures that can enable high specific power 

solar arrays due to its ability to face multi-objective non-continues target functions. 

All in support of enabling extended ranges and power levels for future space 
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exploration levels. 

 

This work provides a framework for the future development of software tools that 

intend to achieve an in-silico feedback system to assist with the design processes of 

PV modules. We developed an optimization algorithm that evolves a device 

architecture and can do so for any chosen physics simulator (COMSOL, MEEp etc.). 

In this work we focused on light absorption maximization while both the thickness and 

material volume used is to be minimized. We have shown computationally an 8x 

absorption increase could be achieved for 100 nm thick device when it is structured 

appropriately.  
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4.2  Evolutionary computational optimization of                                                              

light absorption in photovoltaic devices 

Introduction: 

The search for optimal materials to be used in PV modules to better harvest the solar 

energy has been at the heart of research since the technology birth in 1839 by Edmond 

Becquerel (1). However, the Shockley -Queisser limit has long-established (2,3) the 

limits for a single-junction cell solar conversion efficiency, and for the last century, 

efficiency gains have been a major driver in solar cell research. Given present-day 

performances of ~27% for Crystalline Si, ~29% for Single-Junction GaAs and ~24% 

for Perovskites (4), it is becoming clear that while work on improving bulk material 

properties is important and impactful, new methods to increase solar cell efficiency 

need to be further explored.  

  

 

 

 

 

 

 

Fig 4.2.1 – Introduction of cavities to a thin film medium increases absorption, yet the optimal cavity 

configuration could be determined by the cavity shapes, size, etc. a) Flat thin film, where the blue line 

indicates is absorption profile. b) 250 nm radius random distribution holes, where the orange line is its 

absorption profile c) random hole diameter and hole distribution, d) rectangular holes randomly 

distributed e) Absorption spectra of thin-film architectures: Blue) absorption spectrum for sample a, 

Orange) absorption spectrum for sample b,  Yellow)  absorption spectrum for sample d, Gray) 

absorption spectrum for sample c 
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PV module cost is also one of the major drivers for the development and deployment 

of new PV technology, and where Si PV modules currently hold more than 90% 

market share (5,6). However, upcoming technologies (7) showing promise of lowering 

production prices are taking first steps in the open market (8), requiring Si PV 

modules to prepare and provide solutions for when that time comes. It has been shown 

that by minimizing the thickness of Si solar cells, prices for modules can be 

significantly reduced (9), and by that provide such a solution. However, photon 

absorption is highly dependent on the cell thickness. Fig 4.2.2 illustrates via the Beer-

Lambert law the expected increase in photon absorption as the absorbing layer 

thickness varies from 100 to 1000 nm. Thus, there is a tradeoff between light 

absorption and price reduction when choosing material thickness. 

 

Fig 4.2.2 – Absorption theoretical limits for Si cells. 
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It has been demonstrated that introducing cavities into an a-Si thin film can improve 

absorption efficiency, despite removing 30% of the absorbing material (10). Our work 

is focused on optimizing this light-trapping phenomenon to bridge the competing 

requirements of absorption and price by exploring the Yablonovitch limit (14) 

potential gains as illustrated by the yellow and red lines where the introduction of 

optical medium optimization can drive both thickness and mass reduction while 

maximizing absorption of photons. This could also enable emerging technological 

solutions for Space and Aviation high specific power PV market, where light PV 

modules are highly desirable. 

 

We developed a software tool that can optimize target parameters, specifically photon 

absorption, to better explore the feasibility of lowering both thickness and mass of a-Si 

thin films. Ultimately, our method will predict an arrangement of cavities within the 

absorbing material. 
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FDTD simulations implementation: 

Finite-difference Time-domain simulation (FDTD) is used as a technique to solve the 

time-dependent partial differential Maxwell’s equations. Maxwell equations as used 

by the FDTD simulation are presented below, they describe fundamentally how the 

electric field (E) and Magnetic Field (B) interact in an environment where matter and 

light sources are present.  

Maxwell equations as solved by the FDTD software are: 

 

𝒅𝑩

𝒅𝒕
= −𝛁 × 𝑬 − 𝑱𝑩 − 𝝈𝑩𝑩       Eqn. 4.1 

 

𝑩 = 𝝁𝑯  Eqn. 4.2 

 

𝒅𝑫

𝒅𝒕
= −𝛁 × 𝑯 − 𝑱 − 𝝈𝑫𝑫   Eqn. 4.3 

 

𝑫 = 𝜺𝑬   Eqn. 4.4 

 

𝛁 ∙ 𝑩 = −∫ 𝛁 ∙ ( 𝑱𝑩(𝒕′) + 𝝈𝑩𝑩)𝒅𝒕′𝒕

𝟎
    Eqn. 4.5 

 

𝛁 ∙ 𝑫 = −∫ 𝛁 ∙ ( 𝑱(𝒕′) + 𝝈𝑫𝑫)𝒅𝒕′𝒕

𝟎
= 𝝆    Eqn. 4.6 
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Where B is the magnetic flux density, E is the electric field, 𝐽𝐵 is the magnetic charge 

current density, 𝜎𝐵 correspond to the magnetic conductivity, 𝜇 is the magnetic 

permeability, H is the magnetic field, D is the displacement field, J is the current density, 

𝜎𝐷 correspond to the electric conductivity, and  휀 is the dielectric constant.  The process 

begins with a voxelization of the space in which the calculations take place, following 

the discretization of these equations the finite difference equations are then being solved 

cyclically. First the electric field for each voxel is calculated for a specific time step and 

following that the electromagnetic field is calculated for the next time interval.  

 

In this work, I use the MIT Electromagnetic Equation Propagation (MEEP) to study 

the field patterns in response to the sun in our solar-cell simulator, I study the 

transmittance, reflectance and absorption spectra as well as observe the effect of 

resonant modes and frequencies introduced by our nanostructures to the absorption 

profile of the simulated solar cell. FDTD simulations, However, even with today’s 

technology, given the vast voxelization and time scales required to achieve meaningful 

readings are time expensive and can span up from days to weeks and years of 

dedicated calculations when using state of the art computer systems. 

 

Simulations were conducted using the open-source finite-difference time-domain 

(FDTD) software package, MEEP (11), which evolves Maxwell’s equations over time 

within a specific computational volume. It provides reflectance and transmittance 

spectra by transforming to a short pulse the repose with Fourier transform. Also, by 

analyzing a system response to that short pulse harmonic modes of lossless and lossy 

systems as well as decay rates and field patterns can be extracted.  
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For our simulation, the lateral size of the computational domain was defined as a 2.67 

x 2.67 um square with a 3.33 um height. 0.67 um perfectly matched layers were 

applied at the boundaries perpendicular to the light source. The dimensions of the 

absorbing layer were set to 2.6 x 2.6x 0.1um. We then calculate for a normal plane 

wave [304-100 nm] the absorption spectrum of a film with a dielectric constant ε=12, 

approximating the behavior of a-Si. We verified results with prior studies [10] as 

shown in Fig 4.2.3, demonstrating the resultant increased absorption when introducing 

cavities in the thin film. 

 

 

Fig 4.2.3 – Absorption increase(orange) due to the introduction of cavities to an a-Si thin film absorber 

(black). 
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Optimization process implementation: 

Our challenge is to identify which thin-film architectures will be most beneficial for 

our purposes. Due to the complexity of such a challenge, we have narrowed the search 

scope by only considering the location, diameter, and total filling fraction of 

cylindrical cavities in a thin film. Additionally, we have accelerated the optimization 

process by first conducting a grid search of cavity radii and filling fractions for 

random patterns. 

 

Promising patterns from the grid search were then fed into a custom GA. GA’s are a 

class of optimization algorithms based on evolution and consisting of populations of 

“chromosomes”, selection according to fitness, crossover, and mutation to produce 

new offspring. The success of GAs requires that good solutions can be generated by 

discovering, emphasizing, and recombining good “building blocks” in a highly 

parallel fashion (13) This assumption makes GAs well-suited towards optimizing hole 

patterns in photonic solar cells, wherein the effect of local hole-hole interactions on 

the coherence of light scattering can be thought of to form these building blocks 

spatially (10). 

 

A. Fitness Function 

 

A fitness function is an objective parameter to be optimized, which was chosen as 

light absorption in this case. The fitness function to be maximized, F (1), was based on 

a weighted average absorption across multiple wavelengths, where weights were based 

on a linear interpolation of NREL’s ASTM E-490 solar spectral irradiance (12) 

 

 

𝐹 =
∫ 𝐴𝑏𝑠(𝜔𝑖) ∗ 𝑠𝑜𝑙𝑎𝑟 𝑤𝑒𝑖𝑔ℎ𝑡

𝜔2

𝜔1

∫ 𝐴𝑏𝑠(𝐹𝑙𝑎𝑡 𝐶𝑒𝑙𝑙) ∗ 𝑠𝑜𝑙𝑎𝑟 𝑤𝑒𝑖𝑔ℎ𝑡
𝜔2

𝜔1

     Eqn. 19  

⬚
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B. Mutation 

 

The mutation algorithm modifies the placement of holes in a given structure. The 

mutation is analogous to local hill-climbing in conventional optimization algorithms, 

making small modifications to the input in the hopes of marginal improvement in the 

output.  

 

Specifically, the mutation function was defined such that each mutation chooses 1 to 

3 holes uniformly at random. Then for each chosen hole, a random direction and 

distance (up to one radius) are generated. To conserve the filling fraction after each 

mutation, hole-hole and hole-boundary collisions are prevented by disallowing 

directions and distances that cause collisions. 

 

C. Cross-over (Mating) 

In the cross-over (mating) algorithm, the GA can combine parts of two (parent) solar 

cell morphologies to form a new (child) morphology. This recombination introduces 

diversity into the population, allowing for a larger, more complete exploration of the 

search space. 

A cross-over algorithm was constructed such that parents are chosen uniformly at 

random. Parent regions are then constructed by slicing parents horizontally or 

vertically randomly about a three-hole diameter region around the center width/height 

of the parent. A three-hole diameter region was chosen to prevent slices from 

occurring near the edges of cells, in which case local interactions of holes in one of the 

parent slices are not preserved from the original parent. Regions are then spliced 

together to form the child morphologies of the same dimensions as the parents. 

 

To maintain the filling fraction of the film, overlapping holes at the boundary of the 
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cross-over splice is avoided by deleting overlapping holes if they occur, and randomly 

placing them elsewhere. 

 

Results and discussion: 

The results of the grid search are seen in Fig 4.2.4, which suggests that a-Si absorption 

is highly dependent on the cavity radii and total filling fraction in a seemingly convex 

manner. One possible explanation for this dependence is that there is an optimal cavity 

radius for spatial interaction of cavities with a given wavelength and that there is an 

optimal filling fraction that balances the benefit of this spatial interaction with the loss 

of absorbing material. Whether this spatial interaction, size of the cavity itself, or other 

mechanism is unclear at this point.  

Fig 4.2.4 – Grid mapping of Absorption increase as a function of Hole Radii and Filling Fraction. 

 

Given that this problem is highly complex, I decided at this point to try to find an 
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optimal point without trying to provide a full analytical explanation for the 

phenomena. 

 

I initialized our genetic algorithm with patterns from the grid search and allowed it to 

run for ~300 generations. It is important to note that due to the randomness of the 

mutation in the genetic algorithm and the non-convexity of the optimization space, the 

results of the genetic algorithm are non-deterministic. Tuning the genetic algorithm 

(e.g. population size, flexibility, and the probability of mutation and crossover, etc.) 

may improve results, although an exhaustive tuning procedure may require an 

impractically large number of simulations to conclude statistical significance. Other 

avenues of improving absorption are also being explored, specifically optimizing 

distributions of cavity shapes and sizes for a given pattern. Fig 4.2.5 shows the 

optimized structures that were generated by the genetic algorithm. As can be seen in 

Fig 4.2.6, the integrated absorption F achieves an ~8x increase in comparison to an 

unpatterned film.  

 

While further studies of the effect of cavities on charge transport are highly desirable 

to further optimize the full performance and cost of a PV module, this work indicates 

the substantial gains that can be achieved by computational optimization of a thin 

film’s spatial architecture even with current knowledge and that it can be applied to a 

variety of PV modules architectures. This work, however, does not include other 

driving mechanisms like the separation of electron-hole pairs and their transport to the 

respective electrodes which will be discussed in section 4.4. 
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Fig 4.2.5 – a visual representation of structures examined for absorption increases. a) 25 nm radius, 0.5 

filling fraction b) 50 nm radius, 0.4 filling fraction c) 200 nm radius, 0.2 Filling fraction d) Gen 1, 125 

nm Radius, 0.3 Filling Fraction. optimized structure. 
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Fig 4.2.6 – Top) Optimized Structure, Generation 500. Bottom) Absorption increase as a function of 

Generation throughout the selection process. 
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4.3 Taking first steps in the fabrication of                                                                   

computer-assisted thin photovoltaic cells 

 

In this section, I build on the theoretical work presented and take the first steps in a 

better understanding of how an entire device architecture would look like. To do so I 

use previous research as a design and fabrication assistant, exactly as intended by us 

when I conceived the use of it.  

 

I begin with a simulation of the absorbed light spectra of a thin film a-Si active 

material in the solar cell, I am interested in centering the natural absorption peak 

around 600 to take advantage of matching the solar spectrum. 

Fig 4.3.1 – Simulated absorption spectra of a-Si 
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As can be seen in fig 4.3.1 simulated results were chosen such that I can capture 

imperfections in the fabrication process, indicating the desired thickness of ~94 nm for 

a central peak. 

 

However, many things need to be kept in mind during the design process. First, there 

is no such thing as an “ideal” cell composed of only an active layer. The first step to 

be taken needs to involve a choice of contact layer upon the absorber will be 

deposited. Luckily, the contact layer can be chosen such that it reflects the light 

backward and creates additional reflection enlarging de-facto the light path through 

the active material. I then pivot to a fabrication mode, where a layer of Al with a 

thickness of 250 nm is deposited upon 50 nm TiO and a 5-um thin sheet Polymer that 

can withstand vacuum conditions in space.  

Fig 4.3.2 – Light absorption measurements as a function of the wavelength of a-Si Deposited on 

Al/Ti/P, Red – 80 nm, Green-94 nm, Blue -120 nm 
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As can be seen in Fig 4.3.2, Peak locations are in a close match to the simulated 

absorption of the active layer. However, the effects of the reflecting layer are critical 

as can be seen by the absorption values. While this process seems simple, it is a good 

initial demonstration of how simulated results inform decision making in a fabrication 

environment.  

 

It is important to also notice that the thicknesses of the different layers were 

minimized to ensure minimal mass for the device, as well as demonstrate reduced 

radius of curvature to enable foldability which in turn could inform the design of a 

lighter deploying mechanism. Fig 4.3.3 shows how large flexible sheets could be 

directly fabricated with existing fabrication methods as well as how flexible these 

devices are. 

 

Fig 4.3.3 – left: large scale fabrication of flexible contact and absorbing layer. right: 720 degrees twist 

of a 4 cm device. 
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In this second part I open with a wide theoretical investigation aimed towards 

determining which cavities patterns should be used, I begin with mapping potential 

filling fraction and diameters or randomly distrusted arrays as can be seen in fig 4.3.4. 

 

Fig 4.3.4 – Absorption increase of thin-film a-Si due to the introduction of cylindrical cavities with 

different diameters and filling fractions for random hole configurations. 

 

I do so to narrow down our selection process for the initial population in our models 

since it is necessary to minimize our initial search space, I do so by defining or 

parameters as the cylindrical cavity radius and the entire device filling fraction. I then 

run our optimization algorithm and focus on two different optimal configurations, as 

can be seen in Fig 4.3.5.  
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Fig 4.3.5- Blue) Flat cell Absorption. Green) 166 nm diameter cavities. Purple) 265 nm diameter 

cavities. 

At this point after identifying the required patterns, I decided to open with an 

exploration of the introduction of cavities to Si materials as a secondary step. I do so 

to obtain real-life measurements that demonstrate basic operation principles. Fig 4.3.6 

shows that light absorption is increased even when the cavities introduced are not 

optimal both in size and topography. It also indicates that the in-silico simulations 

performed point toward valid physical phenomena. 
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Fig 4.3.6 – increased absorption of Si as a function of wavelength. A) an image showing five different 

color regions, top left is SiO2 layer that serves as a test, the lightest layer with an undefined shape is Si, 

Structure 1 is in the bottom left, structure 2 is in the top right. B) shows an enlarged image of the region 

marked at A. C) Absorption values For the Si, Structure 1, and Structure 2. 

 

In conclusion, I show that the software package developed to assist in the development 

stage of new solar array technologies. I also show that direct measurements verify the 

simulation results and indeed result in higher absorption to thin-film a-Si absorbers.  
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4.4 Evolutionary computational optimization of electrode nanostructures in 

photovoltaic devices 

 

Abstract:  

Complex 3D nanostructures are increasingly accessible thanks to recent progress in 

advanced nanofabrication technologies. This wealth of 3D-printable complex 

nanostructures opens doors for new photovoltaic device designs that improve 

performance by enhancing light absorption and/or charge collection. However, the 

criteria for optimal light absorption can differ profoundly from designs that optimize 

charge extraction. Edisonian trial-and-error methods for investigating the immense 

parameter space of possible designs are slow and inefficient. Whereas conventional 

design approaches are limited to relatively few basic structures, I hypothesized that 

computational approaches using optimization algorithms can guide the design towards 

more intricate, high-performance designs that simultaneously optimize optical and 

electrical performance. Here I show that the immense design parameter space can be 

investigated using genetic algorithm optimization strategies. I iteratively varied active 

and electrode materials and their positions within a solar cell to maximize the short-

circuit current. Even with a simplified model, we found that our simulation matches 

experimental measurements of pillar structures and planar structures. 
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Introduction: 

 

Advances in manufacturing have created opportunities to develop optoelectronic 

devices with complex 3D architectures (32). Nano-3D printing is an emerging 

technology that holds the potential to manufacture many complex 3D structures that 

are inaccessible via conventional fabrication methods (29, 30). The ability to control 

hierarchical structures, spanning nano- to macroscale, presents opportunities to 

develop enhanced optoelectronic devices (21,22). 

 

For many photovoltaic systems, but particularly for emerging PV materials requiring a 

careful balance of light absorption and charge transport due to limited carrier diffusion 

lengths, there are fundamental trade-offs between absorbing incident light and 

collecting photo-generated charge carriers. Until now, the architectures of active 

layers and electrodes in photovoltaic devices have been largely guided by optimizing 

light absorption and charge collection separately. These simplified approaches have 

led to some progress, for example with the use of either pillar electrodes to improve 

charge collection (23) or pyramid-shaped electrodes to enhance optical absorption 

(24). 

We embrace the opportunity to apply computational optimization techniques, such as 

genetic algorithms, to optimize the 3D architectures in photovoltaic devices.  Genetic 

algorithms (GAs) have shown success in using structure and composition to optimize 

function. For example, several studies used GAs to optimize mechanical properties 

(load and frequency) of beams by “evolving” the topology and composition of the 

beam (25,26,27). I present the first steps of a GA-based approach to optimize solar cell 

efficiency by varying the morphologies of the electrodes and active layer, 

simultaneously improving light absorption and charge collection. Although I am 

currently focused on quantum dot active layers with TiO2 and Au electrodes, our 
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method can be applied to any combination of known materials as active layers or 

electrodes.  

 

Developing a representation for solar cell morphology and properties: 

Before implementing the optimization algorithm, I first defined the solar cell 

morphology and properties by discretizing a total volume into voxels. I used an N-

dimensional matrix where the first three indices specify spatial coordinates and the 

remaining indices are used to store material-specific properties in that voxel. For 

example, Figure 4.4.1 shows a 11x11x8 tensor describing a single gold pillar on a 

planar gold surface where a vector of properties is stored for each voxel of the system. 

I present here a PbSe quantum dot active layer as a model system but underscore that 

this approach can be generally applied to a broad range of absorber materials. For 

simplicity, I focused the current model on three different material layers 

(functionalities) electron and hole extraction layer and the absorber layers. Future 

models could incorporate more complex considerations such as multiple absorbers, 

interfacial charge blocking layers, localized plasmonic inclusions, etc. This tensor-

based infrastructure allows for a great deal of flexibility in the choice of materials and 

morphologies that can be described, limited only by the size of the voxel. The modular 

nature of this tensor representation lends itself well for optimization algorithms, an 

easy modification for input to electromagnetic simulation programs like MEEP or 

COMSOL, as discussed in chapter 4.2 and tracking local regions within a solar cell 

that perform especially well. 
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Figure 4.4.1. A) Schematic of the N-dimensional matrix representation of the solar cell device. A 

portion of the device is cut out to show a flat Au electrode with a single Au pillar (encoded as material 

1) within a PbSe active layer (material 2) and a top electrode of TiO2 (material 3). A vector encodes the 

properties within each voxel. B) TEM image of a real solar cell structure produced by I. J. KRAMER 

(23). 
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Optimization of solar cell morphology using evolutionary algorithms: 

Optimization challenges like the optimal hierarchical optoelectronic design of 

absorber and electrode span multiple length scales including. Among the various 

optimization strategies for such complex challenges, GA stands out as an attractive 

option by addressing non-continues target functions to be optimized, spanning of GAs 

adopt elements from the concept of evolution from the natural world [31], where 

multiple optimization mechanisms evolve “fitter” species over generations. The GA 

process, like evolution, is cyclic. Our genetic algorithm begins by generating a random 

population of solar cell morphologies. The random morphologies are constrained, 

however, to always contain a bottom layer of gold (Au) and a top layer of TiO2, 

symbolic of the electrodes that must provide contacts to either side of the active layer. 

Next, the population is mutated and mated (crossed-over). A simulation of the solar 

cell performance evaluates the short circuit current (Jsc) of each morphology. The 

morphologies with the highest Jsc values are selected to become members of the next 

generation. The process repeats until the desired Jsc is achieved.  

 

A. Fitness Function 

 

The fitness function is based on improvement in the short circuit current, Jsc, 

calculated by a custom solar cell simulation program. As mentioned, the solar cell 

stimulation can also be performed using many of the well-known methods for 

modeling solar cell performance, such as finite difference time domain (FDTD) 

(21,22). Most of these established methods are computationally expensive, so I chose 

to develop our simplified model of solar cell performance with shorter computation 

time.  
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Our model of solar cell performance captures the multiple steps involved in device 

operation, from light propagation to excitation of active material to exciton diffusion 

and charge collection. As described above in the representation section, I divide the 

volume of the whole device into voxels, which each encode information about which 

material is present, its properties, excitations, etc. in that voxel. Additionally, I 

initialize the model with parameters such as the 1.5 AM spectra, and properties of the 

active material like the absorption coefficient (α(ω)), and exciton diffusion length (ld).  

Our model makes several assumptions. Within the active layer, I assume light is 

absorbed per Eq. 4.4.1, where α is the linear absorption coefficient and z is the 

distance traveled through the active layer the material has passed through. 

𝐼(𝜔) = 𝐼0(𝜔)𝑒(−𝛼(𝜔)∗𝑧)  Eqn. 4.4.1 

 

Figure 4.4.2. Schematic of a solar cell device that is mutated (a-c) or crossed-over (d-f). 
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Specifically, I use TiO2 and Au as a typical top and bottom electrode materials, 

respectively. I assume that light in the visible passes though the TiO2 without losing 

any energy and that the light is reflected 180° when it encounters the Au electrode. 

After the light is reflected off the Au, it continues to be absorbed by the active 

material. Figure S1 and S2 show representative results confirming that our simple 

model of absorption properly approximates the complex absorption behavior.   

For each photon of energy Eg absorbed within each voxel, one exciton is created. 

Following excitation, excitons can diffuse probabilistically within one diffusion length 

of where they are generated. If the exciton diffuses to a voxel containing electrode 

material (and assuming there is a continuous pathway of the electrode material to the 

top/bottom of the device), then I count that charge collected and contributing to the 

value of Jsc. The value of Jsc is passed to the genetic algorithm to allow it to make 

decisions about which structures are most efficient 

B. Mutation 

 

The mutation algorithm modifies the tensor encoding the nanostructure of the solar 

cell through random undirected changes in the material compositions of voxels. I place 

some restrictions on the types of mutations that occur. For example, I require 

mutations only to flip one material to another where those two materials are in contact 

so that structures like that depicted in Fig. 2b, where isolated voxels of Au appear 

within the active layer, cannot occur. 

 

Mutations tend to continuously make an incremental improvement in solar cell 

performance (via hill-climbing) to find local maxima in performance (highest fitness 
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function). Therefore, cross-overs (mating) of nanostructures are required to explore 

outside the local search space. 

 

C. Cross-over (Mating) 

In the cross-over (mating) algorithm, the GA can combine parts of two (parent) solar 

cell morphologies to form a new (child) morphology. The cross-over selectively 

maintains regions from each parent morphology in forming the new structure. The 

regions contributed from each parent may be selected randomly or they can be chosen 

based on beneficial local performance. The simple method of crossing-over is to 

arbitrarily combine the left-side of parent 1 (Fig. 4.4.2.d) with the right-side of parent 

2 (Fig. 4.4.2.e) to form the child (Fig. 4.4.2.f). However, the smarter, but the more 

computationally expensive method for crossing-over queries the representation matrix 

for the regions that have particularly high light absorption or charge collection 

efficiencies (or any other property of interest), and preferentially chooses to maintain 

those high performing regions in the child morphology.   

 

The generational diversity created by the cross-over algorithm ensures that the solar 

cell morphologies vary to prevent the algorithm from getting stuck at a local 

maximum.   
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RESULTS AND DISCUSSION: 

In this research, I focused on showing the feasibility of a GA-based approach to solar 

cell morphology optimization. One of the main challenges of GAs is the massive 

amount of computation power required.  

 

Therefore, I implemented several limitations to our GA. First, I developed a low 

computation time (~0.2 core/hour) model for an operating solar cell. A faster 

computation time allows our GA to search a larger solution space, however, this 

comes at the cost of the accuracy of the solar cell physics model.  

 

Second, I use a small population size (1-10 solar cells) and only run the GA for 10 

generations, to further minimize computation time. Finally, in our current GA, I only 

allow the algorithm to vary the electrode shape or the active material thickness, and I 

did not allow it to choose between multiple active layers or electrode materials.  
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Figure 4.4.3. A, B) initial guess 3-D electrode structures C, D) Optimized Electrode structures. 

 

Figure 4.4.4. J as a function of generation for the optimization process. 
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limitations to our GA. First, I developed a low computation time (~0.2 core/hour) 

model for an operating solar cell. A faster computation time allows our GA to search a 

larger solution space, however, this comes at the cost of the accuracy of the solar cell 

physics model. Second, I use a small population size (1-10 solar cells) and only run 

the GA for 10 generations, to further minimize computation time. Finally, in our 

current GA, I only allow the algorithm to vary the electrode shape or the active 

material thickness, and I did not allow it to choose between multiple active layers or 

electrode materials.  
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Chapter 5 

5.1 – Introduction 

 

Photolithography has been used for decades, leading to both technological and 

commercial advances, became the cornerstone of modern technology, and ushered a 

new era across many scientific fields. The current technology, developed for large-

scale production includes a series of multiple steps (creation of a thin film, exposure, 

development), all requiring dedicated equipment. Hence it is a slow, complex, non-

flexible, and expensive process that typically requires large facilities and intense 

training, making its availability and suitability for prototyping and small-scale 

production limited. 

 

For these purposes, I have developed a single-step process at a liquid interface that 

combines the film formation and exposure phases and allows for rapid development. 

The method provides in resolution similar to a standard photolithography process, 

limited by the type of light source used, easier thickness scaling, and maskless pattern 

design. Our approach allows for a tabletop, flexible design process, short fabrication 

cycles in a highly cost-effective manner. 

 

Photolithography is a process in which light is being used to form patterns on the 

desired substrate, which are later used as a mask for a deposition or etching process, or 

as support for any post-processing required. As of today, how the patterns are made 

set major limitations in both operation and cost on end-users for prototyping and 

small-scale production.  

 

Typically, for a user to be able to pattern a substrate a set of prior investments need to 

be made. First, the physical infrastructure required (mask writer, mask aligner, 
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spinner, developer, all in a cleanroom) needs to be laid and maintained, with typical 

equipment costs estimated in millions of dollars. Second, staff need to be trained to 

both operate and maintain these systems as well as, if necessary, to train end-users to 

conduct the desired process. This well-proven system that has served and benefited 

our community for decades, but is also non-accessible for many end users especially 

in developing countries and is complex and expensive for those who do have access to 

it. 

Operationally, the patterning begins with a design process which leads in most cases 

to the creation of either a physical mask or a set of instructions used by a direct writing 

tool. Masks are a good choice when a large number of repeated patterns are required 

to be produced at short time and typically when feature sizes are bigger than 1 μm. 

The pattern is transferred to the desired substrate by covering it with a photosensitive 

material and exposing it to illumination shadowed by the mask. However, when 

adjustments to the pattern are required, a whole new mask needs to be created (with 

only minor exceptions); this need makes the operational process expensive, slow and 

non-flexible. This is ideal for large-scale production but hinders rapid prototyping and 

small-scale production.  

Direct writing methods (using an electron beam, lasers, or a scanning probe) are 

typically designed to produce smaller feature sizes, hence their flexibility cannot be 

exploited for small-scale production of large-area patterns, and these technologies are 

equally or more capital intensive as standard photolithography.  

 

This paper describes a new lithography technique, based on nanomanufacturing at a 

fluid interface, and shares the first advances in the realization of an affordable 

automated rapid photolithography station (ARPS). It allows for a low cost, tabletop, 

single step, maskless, and rapid pattern change photolithography to take place with no 

need for any specialized software. 
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5.2 - Rapid Photolithography at Liquid-Liquid Interface 

Photolithography at Liquid-Liquid interface: 

The sketch of the system is shown in Figure 5.2.1. I use a photosensitive liquid (L) 

spread on top of an inert, transparent subphase liquid (SP) to form patterns. L is 

illuminated through SP (from below) using a digital light processor inducing 

polymerization at the illuminated areas in L, and the resulting polymer (P) is created 

directly on a solid substrate (S) in touch with L from above. After breaking contact, 

the unreacted portion of L is removed using a mild solvent. The technical details of the 

setup are listed in the Supporting Information; in the following I discuss the design 

principles of the method. 

Fig 5.2.1 – Left: CANFI system. Right: Transmission Curves of UV flux through the air (Blue) and Air 

+ Window + Subphase (Orange) as a function of focal distance 
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Interfaces of immiscible liquids have long been used to facilitate the formation of 

ultra-smooth solids and/or confine a reaction into 2 dimensions. Notable examples are 

the Pilkington process (the fabrication of glass sheets on liquid metal surfaces), and 

various synthesis methods of 2D organic and metal-organic frameworks based on 

Langmuir films of the building unit molecules. [10.1038/s41699-018-0071-5]  

The thermodynamic conditions for the formation of a homogeneous, flat liquid-liquid 

interface are 1) complete wetting defined by a positive spreading coefficient, and 2) 

immiscibility of the two phases: 

(1)    𝑆𝐿,𝑆𝑃 = 𝛾𝐿,𝑎𝑖𝑟 − (𝛾𝐿,𝑆𝑃 + 𝛾𝑆𝑃,𝑎𝑖𝑟) > 0  , Eqn. 5.1 

(2)    𝛾𝐿,𝑆𝑃 > 0 , Eqn. 5.2 

If the two conditions are met, a homogeneous, flat film of L can be formed on top of 

SP, where the thickness is determined by the spreading area and the introduced 

volume. The dynamics of the spreading of one liquid on another liquid is substantially 

different from that on a solid. The surface tension of liquids changes with the 

composition or the presence of surfactants at the interface. (1) When L is injected onto 

SP, a surface tension gradient develops, leading to a surface distortion and a 

corresponding mass transport in SP, the so-called Marangoni-flow. This distortion and 

its relaxation drive the spreading kinetics of a liquid on another, considerably speeding 

up the process compared to that on a solid substrate (driven by van der Waals forces or 

spreading parameter). More importantly, the spreading rate can be further increased by 

lowering the viscosity and the density of SP. (2) 
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Once the film of L is formed, a solid substrate is brought into contact from above, and 

L is converted into P by patterned illumination. The requirement for pattern formation 

on S is the adhesion of P to the substrate (WP,S) to be higher than that to SP (WP,SP), 

and higher than the cohesion of SP (WSP). In a simple thermodynamic approach, these 

forces can be described in terms of the respective surface tensions: 

(3)    𝑊1,2 = 𝛾12 − (𝛾1,𝑎𝑖𝑟 + 𝛾2,𝑎𝑖𝑟), Eqn. 5.3 

These conditions are fulfilled by using a high surface tension SP and high interfacial 

tension between P and S. 

 

Since the light used to form the patterns arrives form below, the setup has to be 

designed for high transmission at the selected energy range. Moreover, the penetration 

depth of the illumination sets a limit to the achievable P thickness; if L is thicker than 

1/α (where α is the optical density of L), the upper part of L (close to S) may remain 

liquid, hindering the P-S adhesion.  

 

Given these considerations, I chose an ink used in additive manufacturing as L and 

saline as SP. The combination fulfills the wetting, immiscibility, and transmission 

requirements (good wetting, rapid spreading, optical loss of about 3% in saline), the 

resulting polyacrylate as P shows strong adhesion to glass and metal surfaces, and 

both materials are commercially available and inexpensive. Moreover, saline is non-

toxic and can be easily separated from the organic leftovers, hence waste handling is 

also easy. 

 

I deploy a 385 nm digital light projector (DLP) that is readily available as our light 

source, to ensure the solidification of layer P an amount of flux needs to be supplied is 

~150[ MJ/cm2] for a 100 [um] thick layer. I open by quantifying the provided flux 

through the air as a function of distance from the projection lens as well as studying it 
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as the light propagates through both the Quartz window and the SP, Fig 5.2.1, ii) 

shows the measured flux in both scenarios. This indicates that to achieve proper 

polymerization at this thickness an exposure time of ~3.5-sec needs to be applied.  

 

Feature sizes are limited initially by the available DLP resolution and could be 

purchased today with pixel sizes down to 500 [nm]. In our case I am using a 50 [um] 

pixel size DLP system, for 1D features (i.e lines) the assumed theoretical feature size 

limit is 1 pixel. For 2D features a sufficient number of pixels is required for sharp 

features, where I find that somewhere between 5x5 to 10x10 pixels will provide such 

results. However, the ability to produce gray-scale pixels has the potential to reach 

subpixel resolution. 

Leveling is of importance when performing lithography at a liquid interface. First, the 

DLP focal plane and the Player need to coincide to assure all regions experience the 

same flux levels. The focal plane variation that allows for proper lithography to take 

place is ~1 [mm], this means that the DLP z-axis cannot be tilted more than 2 degrees 

out of the plane. By doing so I also ensure the light path will remain unidirectional as 

it reaches layer P and results in sharp patterns. Avoiding scattering, and other 

undesired optical phenomena. 

 

Before discussing the results, it is important to see the development cycle of the 

system, each step has led us to an improved design that finally enabled the fabrication 

of the desired patterns. 
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I open with the proof of concept stage, taking place in late 2015. As can be seen in fig 

5.2.2.A, I began with testing the mare feasibility of shape formation at the liquid-

liquid interface while conducting initial thickness testing to better understand how to 

control the fabrication process. 

I began by hacking and existing DLP projector and removing the color carousel 

located in front of the light source, to allow for the UV radiation to be used for the 

polymerization process. A simple model where the predicted thickness in the Z 

dimension is imposed by depositing the matching volume fraction V for a specific 

surface area A.  

Fig 5.2.2 A – 2015 proof of concept steps with CANFI V1, A) Am image of the prototype system, A 

zoom-in image illustrate how UV light cures the resin at the liquid-liquid interface  B) Our initial naïve 

approach for thickness calculation 
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I then continued to characterize the expected layer thickness as a function of both 

exposure time and deposited volume, first results indicated that even when expecting 

to gain a highly controlled thickness the current setup is far from achieving its goal 

and exposure time are drastically offset for the system as can be seen in Fig 5.2.2 B. 

 

 

 
Fig 5.2.2 B – Printed layer thickness at the liquid-liquid interface as a function of exposure time and 

deposited volume. 
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I decided at that point to first address the thickness control challenge, Fig 5.2.2 C 

shows the design Chosen for CANFI V2, both conceptually and the actual setup. 

 

 

 

  

 

 

 

 

 

Results:  

 

 

Fig 5.2.2 C – CANFI V2 late 2016, Left) Conceptual design of CANFI V2 Right) Mechanical 

implementation of the conceptual design. 

The printing chamber was enlarged to allow for increased control of layer thickness, 

while inputs were introduced to the body of the chamber to allow for direct 

introduction of both the subphase and resin, and the chamber walls were coated with a 

layer of Teflon. This is however resulted in a failure given to the nature of the 

assembly, which lead to constant leaks in the system. 

 

At that point CANFI V3 was conceived and a dedicated DLP system was purchased, 

Fig 5.2.2 D Shows the system assembly and usage. I chose a solid cylindrical body 

with an inner foldable Teflon cover and introduced the subphase from an input located 

at the bottom cap. Two additional inputs were created at the printing level to assist 

with resin delivery while an additional set was placed at the top to enable the insertion 

of nitrogen. 
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Fig 5.2.2 D – CANFI V3 as of mid-2017, Left) Integrated CANFI V3 system that includes our 

dedicated projection system, linear slide, and new chamber Top-Right) Sub-Phase insert centered at the 

bottom of the chamber and two resin inserts. Bottom-Right) Chamber layering with Teflon, two top 

inserts for nitrogen feedthrough. 
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This is however resulted again with leaks, Teflon sleeve dislocation during printing, 

and the introduction of solvents. Which Led to an entire revision of the system and a 

creation of CANFI V4. 

Fig 5.2.2 E – CANFI V4 as of Mid-2018, Top Left) Illustration. Top Right) CANFI V4 System in 

Operation. Bottom) CANFI Chamber Sub Components.  
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As can be seen in Figure 5.2.2 E, the entire body of the chamber was made from 

Teflon to prevent leaks and dislocation of components within the system. The system 

chamber was docked to an optical table to allow for precise height measurements to 

ensure that printing occurs at the DLP focal plane and that the proper photon flux is 

provided. Body inputs are al made of matching Teflon inserts while the top and 

bottom cap are locked with a sealant ring. The DLP system is mounted on a precise 

rail to allow for it to be adjustable during printing, the substrate is introduced from the 

top while it is mounted as well on a rail to allow for precise height control and 

leveling. 

Figure 5.2.F shows the for the first time the process of real-time formation of a pattern 

at a liquid-liquid interface with the CANFI system. The DLP projector can be seen in 

the bottom right side of the image, the quartz window gives us a clear view of the 

processed wafer and the forming pattern.  
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Fig 5.2.2.F – Formation of a pattern at Liquid-Liquid interface, A UV pattern is projected by the system 

through an Air-Glass-O2O, an Si-wafer is introduced from the top layer above the uncured resin, the 

white pattern is formed at liquid-liquid interface and can be seen through the glass.  
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Results: 

Following the first successful print I have worked to fine-tune the system capabilities, 

the following figures generated by CANFI V4. 

 

Fig 5.2.3 A, B) shows basic features used extensively in photolithography, I start by 

showing patterned circles down to 100 microns in diameter and 1 micron in thickness 

and lines down to 50 microns wide and in 2 microns in thickness. While lines show 

sharp edges circles sharpness degrade as they rely on pixel density per feature. The 

number of pixels provided is dependent on the DLP system properties, and different 

systems exist with varying pixel sizes down to 500 nm. For figure 5.2.3 A seven 

circles per test to ensure statistical significance of the results and to ensure they were 

not formed by other processes (like bubbles in the liquid) 

 

 
Fig 5.2.3 A – circle patterns formed with CANFI 

 

Fig 5.2.3 B- Line patterns formed with CANFI 

 

 

 

 

 



 

153 

 

Fig 5.2.3 C) demonstrating a combination of both building blocks to create the basic 

alphabet, each letter is 1 mm long, its sub-features are 100 microns wide, and 

thickness of 4 microns. 

 
Fig 5.2.3 C – Letters Printing with CANFI 

 

 

Fig 5.2.3 D) shows both positive and negative patterns created on the same substrate 

with letter sizes of 0.7 mm, sub-features of 70 microns, and a thickness of 5 microns. 

 
Fig 5.2.3 D – positive and negative CANFI patterns 
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Fig 5.2.3 E) shows a series of time exposure tests for circles with three different 

diameters 125, 250,500 microns, red circles mark the initiation of the 

photopolymerization while green circles indicate ideal exposure times for the different 

sizes. Smaller features initial photopolymerization period is longer as expected due to 

the low amount of flux reaching the designated region. 

 

Fig 5.2.3 E – exposure time calibration with CANFI, horizontal axis describes the exposure time while 

the vertical shows the effect for different feature sizes. Red circles represent the initialization of the 

photopolymerization process while green ones indicate when the circle's photopolymerization has 

reached its intended size. 

 

 

Both Figures 5.2.3 F, G) demonstrate photolithography of complex patterns, both the 

Cornell University logo and a Penny front with sub-features as small as 100 microns 

showing that images could be modified and integrated into the ARLS process.  
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Fig 5.2.3 F – Large surface area patterns 
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Fig 5.2.3 G – Large surface area patterns 

 

 

 

 

 

Fig 5.2.3 H) shows the post-deposition of gold into circles at different diameters 

0.25,0.5,1 millimeter as well as a golden circuit tree showing that the ARLS products 

could be integrated to work with typical post-processing methods. 
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Fig 5.2.3 H – post-processing with CANFI 

 

Conclusion: 

I have shown in this work the theoretical conception and fabrication process of the 

Rapid Photolithography at Liquid interface system, which is the 2D version of CANFI 

V4 system. I derive the requirements both on the subphase and resin layers to ensure 

wetting, I continue to address additional factors to ensure proper pattern creation. I 

continue by showing the resultant patterns and show its compatibility with the existing 

lithography process. 
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5.3 Supplementary materials 

 

A. Materials  

 

Sub-Phase: 

I use commercially available NaCl (sodium Chloride) and mix with water to saturation 

(Fig 1 

 

Resin:  

I use commercially available PR48 Formulation prototyping resin comprised of  

(all percentages are wt/wt):  

 

• Oligomer: Allnex Ebecryl 8210 39.776%, Sartomer SR 494 39.776% 

• Photoinitiator: Esstech TPO+ (2,4,6-Trimethylbenzoyl-diphenylphosphineoxide) 

0.400% 

• Reactive diluent: Rahn Genomer 1122 19.888% 

• UV blocker: Mayzo OB+ (2,2’-(2,5-thiophenediyl) bis (5-tertbutylbenzoxazole)) 

0.160 % 
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A. Methods: 

 

Cleaning the chamber: I begin with an acetone rinse, followed by DI water rinse and 

drying of the printing chamber two times in a row. Then leave to dry for 30 minutes. 

 

The volume of deposited Resin:  

 

For a chamber with a diameter of 4” the effective thickness of the resin layer as a 

function of volume differ from an Ideal calculation (Due to edge effects, shape, 

contact, etc.)  of:  

 

∆𝑽𝒕𝒉𝒆𝒐𝒓𝒆𝒕𝒊𝒄𝒂𝒍 = ∆𝒁𝑻𝒉𝒊𝒄𝒌𝒏𝒆𝒔𝒔−𝒕𝒉𝒆𝒐𝒓𝒆𝒕𝒊𝒄𝒂𝒍 ∙ ∆𝑺  [uL], Equation 5.3.1. 

 

an approximation function is generated from empirical measurements for thin layers 

<100 [um]:  

 

∆𝑽𝒆𝒎𝒑𝒊𝒓𝒊𝒄𝒂𝒍 = ∆𝑽𝒕𝒉𝒆𝒐𝒓𝒆𝒕𝒊𝒄𝒂𝒍↑∙𝑪𝒄𝒐𝒓𝒓𝒆𝒄𝒕𝒊𝒐𝒏 [uL], Equation 5.3.2. 
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Sub-Phase: 

A quarter-inch (ID) pipe is inserted to the chamber from the bottom, the pipe is filled 

with sub-phase, the sub-phase is then deposited to cover 3 mm in height above the 

glass surface. 

Cleaning the samples:  

I deploy on top of the holder an aluminum foil; I then use acetone to thoroughly clean 

and flatten the foil. Then leave to dry for 5 minutes. 

Determining Flux levels and exposure times:  

Direct flux measurements are taken to establish the flux [mW/cm^2] at the focal plane 

and scanned from -10 [mm] to +10 [mm], Figure 1 shows the available flux as a 

function of distance from the focal plane for the DLP system used. 

 

Figure 5.3.1 -  Projection intensity as a function of distance from the projection lens 

through air and air-glass-H2O interface 
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I then studied the required exposure times by conducting empirical experiments as can 

be seen in figure 5.3.2.E and introduced a correction for patterns at different feature 

sizes. Following that I exposed each pattern produced for the appropriate time. 

 

Extraction and post-processing: 

I remove the sample holder, preform a DI water rinse, and leave to dry for 60 minutes. 
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The System: 

The ARPS system is composed of four main elements: 1) processing chamber 2) 

digital light projector 3) electronic support system 4) liquid management system. The 

chosen digital light projector “Wintech-Pro 4500” is a high brightness modular DLP 

projector and utilizes a 0.45” WXGA DMD. It delivers 300mW at the system output 

with a working distance of 92 mm and has a FOV of 65.6x41 mm. the projection pixel 

size is 50 [um].  

B. the processing chamber 

The processing chamber provides a “clean” environment to the fabrication process to 

take place, it contains both during the operation the processed wafer, the polymer to be 

patterned and the subphase as well as input gases if necessary. It also provides a 

projection path for the incoming electromagnetic radiation provided by the DLP 

system directly to the processed region. 

It is built out of three main sub-components:  1) chamber body 2) windowed cap 3) 

sealed cap, the chamber body dimensions were chosen such that it could accommodate 

industry standard 4” wafers, and the material choice of Teflon was made so that the 

contact angle between the liquid and the wall will be minimized to ensure the flatness 

of the processed polymer layer. The chamber features five different entrance/exit ports 

for both gas and liquids. The window cap is interchangeable and can be used both on 

top and bottom of the chamber and allow for different operation modes of the system, 

the window is made from Quartz to minimized flux losses through it at the UV. The 
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sealed cap is designed such that light cannot leak from the chamber surroundings.  

C. Electronics support system 

The electronic support system is responsible for the control and powering of the 

ARPS, is comprised of a power unit and a control board. It provides both the physical 

ports as well as software support to every sub-system. It also provides both power and 

control capabilities to all the components of the ARPS, including its DLP system, the 

liquid management system, and the supported railings. It also distributes commands 

promptly to keep the process as accurate as possible. 

D. Liquid management system 

The liquid management system provides accurate disposal of liquids to the system on 

the time of up to four different ports if necessary. Specifically, it delivers the polymer 

and the subphase liquids, by doing so it controls the height positioning of the subphase 

and by that adjusting the working distance as well as controlling the polymer layer 

thickness to be processed. 
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 Chapter 6- Conclusions and Summary 

 

This thesis opens in chapter 2 showing how starshade based missions manipulating 

light to provide the required contrast for exoplanetary observations, and how 

optimization plays a role in maintaining such mission viability. From the starshade 

shape, materials, and structure to the mission architecture itself. 

 

In Chapter 3 I show with a combination of theoretical analysis and a collection of 

Empirical data from over three hundred and forty space exploration missions, resulting 

in establishing the critical parameters that need to be advanced to further expand the 

ranges and scientific capabilities of these missions. 

 

In chapter 4 I show how FDTD simulations are utilized to gain insight into the 

complex ways in which light-matter interact and point toward possible solutions that 

could expand future space exploration missions. these simulations are then being 

compiled into an optimization mechanism, specifically an evolutionary algorithm that 

provides insight into the possible solutions. I use this mechanism to inform us when 

taking practical decisions like determining the thickness of our absorbing material, or 

what patterns are most desirables to increase light absorption.  

 

In Chapter 5 I continue to develop a new fabrication method that aims to produce in a 

timely and cost-effective manner, patterns that can be integrated into the traditional 

lithographic process. I derive theoretical work principles and demonstrate through a 

cyclic design process how the final iteration preforms. I show the resultant 2D patterns 

create by these new processes, opening the door to desktop size, maskless, low-cost 

photolithography station. 
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In conclusion, light-matter interaction plays a major role in space exploration. From 

basic instruments used for observing and studying our universe, to supporting the mare 

existence of these missions by providing power. 

 

I show that computational optimization could be used to identify, analyze, and solve 

such challenges. From expanding our ability to observe different parts in the universe 

to expand our ability to operate in space at different ranges and operational scenarios. 
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Chapter 7 – Future Work 

 

Future work could take different forms, form advancing software development to 

support future optimization challenges to developing hardware and system that could 

be flexible and cheap by that expanding and advancing fabrication capabilities. 

Currently, I actively advance the development of full-scale missions that rely on such 

solutions to advance and operate. 

 

Measuring the reflected light spectra of temperate plants around sun-like stars is one 

of the major future challenges facing the exoplanet science community, Starshades has 

been identified as instruments that could be utilized to achieve such measurements. In 

this paper, I map the performance envelopes that describe the capabilities and 

limitations of starshade based missions. I use the starshade imaging simulation toolkit 

for exoplanet reconnaissance (SISTER) to explore a range of mission architectures, 

exoplanetary systems, and observational conditions. I utilize the acquired information 

to generate performance envelopes for a range of conditions including star types, 

ranges, zodiacal dust levels, SNR, etc which in turn could be used to inform starshade 

based missions in their mission planning activities, from maximizing their scientific 

yield and performance to identifying some of their major limitations. 

 

Where using computer optimization to determine the required mission parameters is 

one good example, in an upcoming paper I study the Exoplanet imaging performance 

envelopes for starshade based missions addressing such challenges. 

 

Another usage for such algorithms could be to discern an optimal starshade shape and 

size that will result in the required suppression levels while minimizing mass. 

Surprisingly, data collected in chapter 3.2 which includes an array of mission 
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parameters, is used to identifying on-orbit spacecraft servicing potential costumers, 

showing if and when should servicing be considered to support such missions, as well 

as an array of additional related studies.  

 

Chapter 4 results indicate advancement could be made to advance UV detector 

efficiency, as well as reduce existing VIS detector's dark noise. Such advancements 

could potentially have major impacts on their respective scientific fields. I currently 

work on developing a proof of concept UV detector, including the usage of E-beam 

lithography. This work is also used to tailor the transmission spectra of X-ray 

detectors such the detectors could observe low and high energy photons, unveiling the 

mechanism that drives solar flares.  

 

Chapter 5 lays the groundwork for a cheap, scalable, and accurate system that could be 

used to change how lithography is done today. While the principle of operation has 

been demonstrated in 2D, the potential benefits of enabling 3D lithography as low 

costs are massive. Future work could include optimization of the sub-phase resin 

interface, the system, a study of the fluid mechanics that will control such process, etc. 
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Fig 2.2.1. The angle between the line of sight and normal to starshade plane 

Fig 2.2.2. Starshade diffractive performance for 0°, 10°, 20°, 30° between the line of 

sight and normal to the plane of starshade. Each box is 0.4 arcseconds the side. 

Fig 2.2.3 The angle between the direction to Sun and plane of the starshade 

Fig 2.2.4 Starshade magnitude due to sunlight, if fully illuminated. 

Fig 2.2.5. The observable night sky, showing minutes available for observation from 

Mauna Kea for the night of April 1st,  Range of each image is 0-360° right ascension 

and -90° to +90° for declination.  

Fig 2.2.6. The observable night sky, showing minutes available for observation each 

night as indicated by the color bar.  The range of each image is 0-360° right ascension 

and -90° to +90° for declination. The upper set is for Mauna Kea, lower set for Las 

Campanas. Dates are the first of each month, 2035. 

Fig. 2.3.1. Example design of starshade, 99 m diameter. Axes are dimensions in 

meters. 

 

Fig. 2.3.2. Left: Solar System with V=6 star at 17 pc, 20 min exposure, 400-700 nm, 

exozodi=5x solar system value, system inclined 60°, with Earthshine from starshade. 

The inner working angle radius is 58 milli-arcsec. Colored rings are wavelength-

dependent diffraction of starlight. 
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Fig. 2.3.3. Simulated spectra for planets at 5 pc with Strehl = 0.5. Top panel R = λ/δλ 

= 2500, bottom R=150. 1 pixel = λ0/2R = 0.14 nm for R = 2500 and 2.34 nm for R = 

150 at λ0 = 700 nm. Red curves are sky brightness at the ELT in Chile, showing that 

exo-Earth is brighter than the sky background for λ < 750 nm. Widths of curves are ± 

1σ. Water and oxygen are seen on exo-Earth and not on exo-Venus, and methane 

registers on a 2 AU Jupiter. 

 

Fig. 2.3.4. The observable night sky, showing minutes available for observation from 

Mauna Kea for the night of April 1st, Range is 0-360° right ascension and -90° to +90° 

for declination. Boundaries are zenith angle < 60° and Sun angle < 109°. 

Fig. 2.4.1. SNR in a 20-minute exposure on a V=31 planet, in a 400-700 nm band. The 

curvature at high Strehl is due to the dominance of source photon noise. 

Fig. 2.4.2. Image of a scene assuming SR=0.1. The scene contains two V=31 planets 

around a V=6 star that is blocked by the starshade. The system is at 10 pc and has a 

zodiacal disk 10 times brighter than our solar system. The integration time was 1200 s. 

The large circular disk is the seeing halo, and it contains 90% of the starlight that was 

leaked by the starshade, while 10% of the leaked light remains in the center of the 

image plane 

 

Fig. 2.4.3. Sky radiance (upper panel): The background radiance is dominated by non-

thermal chemiluminescent emission arising in the upper regions of our Earth's 

atmosphere (dominantly from 80 to 300 km above ground), mainly from the hydroxyl 
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molecule (OH), molecular oxygen (O2), and individual line emitters (neutral oxygen, 

nitrogen, and sodium). Also, weak, broad emission bands from FeO can be measured. 

Other components of light emission are zodiacal light, and scattered star- and 

moonlight. Transmission (lower panel): The transmission of the Earth's atmosphere in 

the optical and near-infrared range is dominated by molecular oxygen and water vapor 

absorptions. Due to the high temporal variability of the latter, the correction for these 

absorptions is crucial. The decrease of the transmission towards the blue end mostly 

arises from Rayleigh scattering of the air molecules (dashed line). 

 

Fig. 2.4.4. Simulated spectral observations for an Earth-type planet showing the 

individual components, from the raw observations to the final spectrum corrected for 

telluric absorption and atmospheric scattering. Strehl = 0.5, R= λ/δλ = 150, 1 pixel = 

700 nm/2R = 2.34 nm. Widths of Earth spectra are ± 1σ. 

 

Fig. 2.4.5. Predicted signal-to-noise ratios as a function of the wavelength for the 

modeled observations at system distances of 5 pc (left panel) and 10 pc (right panel). 

Exposure times were chosen to obtain a signal-to-noise ratio of 10 or higher for each 

pixel in continuum spectral regions, while the ratio decreases within the molecular 

bands. The maximum exposure time of 2.5 hours is required only for objects with 

Earth-like atmospheres at 10 pc. Strehl = 0.5, R= λ/δλ = 150, 1 pixel = 700 nm/2R = 

2.34 nm. 

 

Fig 2.4.6. Effect of the Strehl Ratio (SR) for spectroscopic observations with a 
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resolution of R = λ/δλ = 150 and a sampling of 2.5 times smaller wavelength bins to 

fulfill the Nyquist–Shannon sampling theorem. Upper: the required increase of 

exposure time to keep the signal to noise ratio constant for a system at a distance of 5 

pc. Lower: degradation of the signal to noise ratio for a system at 10 pc distance at the 

assumed maximum allowed exposure time of 2.5 hours. 

 

Table 2.6.1. Orbital parameters showing the shape of the orbit and retargeting 

maneuver requirement versus perigee velocity. 

 

Fig 3.2.1. Top) Distribution of mission ranges, or the furthest point from the sun that 

the spacecraft reaches, and mission power levels. [Power capped at 5 KW]  Middle) 

Distribution of solar array surface area and solar array mass. [Mass capped at 500 Kg]  

Bottom) Distribution of solar array empirical efficiency (calculated at Earth) and 

specific power ( for the entire array measured at the destination of the mission). 

 

Fig 3.2.2. Displaying spacecraft properties as a function of operational range, 

 

Table 3.2.1. – Summary of mission data, separated by target distance.  

 

Fig 3.2.3. – Power flux as a function of range [AU]  

 

Fig 3.2.4. – Minimum solar array surface area for a 600W mission.  
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Fig 3.2.5 – A) Body mounted solar array on GRACE B) MAVEN rigid deployable 

array C) ISS and Cygnus Flexible arrays D) Distribution of body-mounted and Rigid 

Deployable arrays across different operation ranges.  

 

Fig 3.2.6 – Required solar array Mass for a 600W mission, calculated for current and 

ideal efficiencies, and different deployment mechanisms. The green region up to 7.5 

AU indicates currently employed mission architectures; the red region up to 12.5 AU 

indicates the region that should be occupied based on theoretical prediction, but in 

fact, it is not. The hatched region that passes 15AU indicates the region that might be 

unlocked with the use of flexible arrays. Select mission data presented in Section 1 are 

overplotted in blue.  

Fig. 3.2.7 – Specific power of the solar array at Earth. A minimum of 1 W/kg is 

plotted as a dashed black line, showing that no missions fly with any smaller specific 

power. 

 

Fig. 3.2.8 – Practical power operation limit for Spacecrafts.Horizontal Axis range in 

AU, Vertical is Specific Power in [W/Kg]. Lines represent a hypothetical Solar array 

technology Specific Power. Colored regions show where a solar array with a surface 

area smaller than 100 [m^2] could exist. 

Fig 3.3.1.a– NREL, Best Research-Cell Efficiencies 

Fig 3.3.1.b – NREL, Champion Module Efficiencies 
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Fig 4.1 – GA’s Flow chart 

 

Fig 4.2.1 - Introduction of cavities to a thin film medium increases absorption, yet the 

optimal cavity configuration could be determined by the cavity shapes, size, etc. a) 

Flat thin film, where the blue line indicates is absorption profile. b) 250 nm radius 

random distribution holes, where the orange line is its absorption profile c) random 

hole diameter and hole distribution, where the gray line is its absorption spectrum d) 

rectangular holes randomly distributed where the yellow line indicates its absorption 

profile. 

Fig 4.2.2 – Absorption theoretical limits for Si cells. 

 

Fig 4.2.3 – Absorption increase(orange) due to the introduction of cavities to an a-Si 

thin film absorber (black). 

 

Fig 4.2.4 – Grid mapping of Absorption increase as a function of Hole Radii and 
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Filling Fraction 

Fig 4.2.5 – a visual representation of structures examined for absorption increases. a) 

25 nm radius, 0.5 filling fraction b) 50 nm radius, 0.4 filling fraction c) 200 nm radius, 

0.2 Filling fraction d) Gen 1, 125 nm Radius, 0.3 Filling Fraction. optimized structure. 

Fig 4.2.6 – Top) Optimized Structure, Generation 500. Bottom) Absorption increase as 

a function of Generation throughout the selection process 

 

Fig 4.4.1 – Simulated absorption spectra of a-Si 

 

Fig 4.4.2 – Light absorption measurements as a function of the wavelength of a-Si 

Deposited on Al/Ti/P, Red – 80 nm, Green-94 nm, Blue -120 nm 

 

Fig 4.4.3 – left: large scale fabrication of flexible contact and absorbing layer. right: 

720 degrees twist of a 4 cm device. 

 

Fig 4.4.4 – Absorption increase of thin-film a-Si due to the introduction of cylindrical 

cavities with different diameters and filling fractions for random hole configurations. 

 

Fig 4.4.5- Blue) Flat cell Absorption. Green) 166 nm diameter cavities. Purple) 265 

nm diameter cavities 

 

Fig 4.4.6 – increased absorption of Si as a function of wavelength. A) an image 
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showing five different color regions, top left is SiO2 layer that serves as a test, the 

lightest layer with an undefined shape is Si, Structure 1 is in the bottom left, structure 

2 is in the top right. B) shows an enlarged image of the region marked at A. C) 

Absorption values For the Si, Structure 1, and Structure 2. 

 

Fig 4.5.1. Schematic of the N-dimensional matrix representation of the solar cell 

device. A portion of the device is cut out to show a flat Au electrode with a single Au 

pillar (encoded as material 1) within a PbSe active layer (material 2) and a top 

electrode of TiO2 (material 3). A vector encodes the properties within each voxel. 

Fig 4.5.2. Schematic of a solar cell device that is mutated (a-c) or crossed-over (d-f). 

Fig 4.5.3. A, B) initial guess 3-D electrode structures C, D) Optimized Electrode 

structures. 

Fig 4.5.4. J as a function of generation for the optimization process. 

 

Fig 5.2.1 – Left: CANFI system. Right: Transmission Curves of UV flux through the 

air (Blue) and Air + Window + Subphase (Orange) as a function of focal distance 

Fig 5.2.2 A – 2015 proof of concept steps with CANFI V1 

 

Fig 5.2.2 B – Printed layer thickness at the liquid-liquid interface as a function of 

exposure time and deposited volume. 
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Fig 5.2.2 C – CANFI V2 late 2016 

 

Fig 5.2.2 D – CANFI V3 as of mid-2017  

 

Fig 5.2.2 E – CANFI V4 as of Mid-2018, Top Left) Illustration. Top Right) CANFI 

V4 System in Operation. Bottom) CANFI Chamber Sub Components.  

Fig 5.2.2.F – Formation of a pattern at Liquid-Liquid interface 

Fig 5.2.3 A – circle patterns formed with CANFI 

Fig 5.2.3 B- Line patterns formed with CANFI 

 

Fig 5.2.3 C – Letters Printing with CANFI 

 

Fig 5.2.3 D – positive and negative CANFI patterns 

 

Fig 5.2.3 E – exposure time calibration with CANFI 

 

Fig 5.2.3 F – Large surface area patterns 

 

Fig 5.2.3 G – Large surface area patterns 

 

Fig 5.2.3 H – post-processing with CANFI 
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Figure 5.3.1 -  Projection intensity as a function of distance from the projection lens 

through air and air-glass-H2O interface 

 

 

 


