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ABSTRACT

The use of a starshade is one technique to perform high contrast imaging with space-based telescopes. The
primary function of a starshade is to suppress light from a target star in order to image its orbiting planets.
In order to provide the proper apodization function the edges of the starshade must follow a precise in-plane
profile. However of equal importance is the issue of light from our own sun scattering off of the edges and
entering the telescope. A method to alleviate this problem is to make the edges extremely sharp (< 1 µm
terminal radius) such that the area available for scattering is minimized. The combination of these two
requirements, along with the need to integrate the edges into a 30-40 m dia. deployable structure, present
a number of significant engineering challenges. Substrate etching techniques are used to obtain both the
intended profile as well as the edge sharpness. Current efforts implement an isotropic etching process on thin
metal substrates. This paper discusses the progress towards producing a sharp optical edge at the coupon
level. Samples have been characterized using scanning electron microscopy as well as a custom testbed to
assess their scattered-light performance.
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1. INTRODUCTION & BACKGROUND

At the time of this study, more than 3200 exoplanets have been detected and confirmed, with 2,325 of
these discovered by the Kepler Mission.1 These measurements suggest that on average, there is at least
one planet orbiting every star that we have observed. However, the majority of these discoveries come from
indirect means such as transiting methods, radial velocimetry, or gravitational microlensing. High-contrast
imaging techniques offer the ability to directly image and spectroscopically characterize these planets. To
detect Earth-like planets a contrast ratio of 10−10 must be achieved between the planet-light and it’s star.
Several coronography techniques are currently under development in order to separate these sources of light
subsequent to entering the telescope. However these techniques produce demanding requirements on the
telescope, namely wavefront stability at the picometer level.

Starshades2 offer the ability to separate light from a planet from that of its star before ever entering the
telescope. Figure 1 displays this concept where a large (20 - 40 m diameter) flower-like starshade flies in
front of a telescope, producing a dark shadow behind it. The deeper/darker the shadow, the higher the
achievable image contrast, and the fainter the planet that we can detect. The relative size and distance of
the starshade with respect to the telescope is what defines the inner working angle (IWA) of the system.
With smaller IWAs, planets with orbits closer to their stars can be imaged.

While starshades alleviate many of the demanding requirements on the telescope, they present their own
significant technological challenges. Figure 1 displays a 34 m dia. starshade in its deployed configuration.3

Not only must this extremely large structure stow for launch and then deploy once in space, but it must do so
to sub-millimeter accuracy. Each of the petals, which are the primary optical components of the starshade,
must maintain their precise in-plane shape throughout the mission duration of the starshade. If the petals
distort in profile, the signal from the starlight will overwhelm that of the planet.

Contaminating light from other celestial bodies is also of great concern for the starshade concept. Of
primary importance is the relative position of the starshade with respect to our own Sun as it is the by
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Figure 1. Overview of the starshade concept for space-based high-contrast imaging.

far the dominant source of light. This imposes operational constraints on the mission such that the Sun
is always positioned on the “star side” of the starshade. In doing so, the edges of the petals are the only
surfaces that can potentially reflect light into the telescope. These edges must must be carefully designed
to prevent this from occurring. One method to do so is to make them extremely sharp such that the area
available for light scattering is minimized. Through previous studies,4 it was determined that the optical
edges must have a terminal radius of < 1 µm along the entire length of the starshade. Furthermore, these
edges must be defect and contaminant free as features such as these will cause scatter and drastically reduce
image contrast.

Figure 2. Deployed starshade displaying the various system components.

2. OPTICAL EDGE DESIGN

Figure 2 displays the various components contributing to a 7 m long starshade petal. In addition to the
characteristic petal shape, a higher order wavy profile defines the optical edge. These ripples have a wave-
length of approximately 1 m and extend the length of the petal in order to provide the proper apodization
function. Deviations in this profile will greatly reduce the contrast provided by the starshade. For a 30 m



class starshade, deviations from the baseline profile must be kept to under 100 µm RMS across the entire
petal.5 Therefore, careful considerations related to deployment accuracy, as well as thermal expansion effects
must be taken into account.

Figure 3. Starshade petal design containing a detailed cross-sectional view of an optical edge segment.

In order to aid in manufacturing, the precision optical edges are broken up into discrete 1 m long segments.
Each segment is assembled independently and then bonded onto the carbon fiber reinforced polymer (CFRP)
“structural edge” of the petal. A cross-sectional view of the optical edge segment, along with the structural
edge to which it is bonded, is also found in Figure 2. A thin (∼ 25 µm) strip of optical edge material is
bonded to a separate CFRP substrate which provides mechanical support. This strip has a beveled profile
and sharp tip to prevent scattered sunlight from entering in the telescope. The sharp portion of the edge
must extend far enough out from the structural edge such that sunlight never hits its bottom surface. For
current designs, this angle is set at approximately 83 degrees from the normal axis of the starshade. The
optical edge material is placed at the neutral axis of the assembly in order to avoid any thermal imbalances
that could cause out-of-plane warping. This also minimizes the strain in the optical edge when the petal is
stowed for launch.

3. EDGE COUPONS

Chemical etching techniques were used to manufacture the optical edges as they can be implemented at the
meter-scale with micron-level in-plane tolerances. Figure 3 displays a cross-sectional view of the etching
process. A sheet of material to be etched is first coated with photoresist, continuously on both surfaces.
However, using photolithography techniques, a portion of the top resist is removed which defines the in-plane



Table 1. Candidate optical edge materials along with their material properties.

Material Thickness (µm) Density (g/cm3) Modulus (GPa) CTE (ppm/◦C)

Beryllium Copper (1/2 Hard) 50.8 8.3 130 17.3
Kovar (Annealed) 50.8 8.4 138 4.9
Stainless Steel 302 (Annealed) 50.8 7.9 190 17.2
Amorphous Metal (Metglas 2826MB) 29.0 7.9 100-110 11.7

shape of the etched sample. For the full-scale optical edge design, this would be the method of achieving
the desired wavy profile. The entire assembly is then subjected to an etching solution. The photoresist is
resistant to the etchant and therefore areas which it covers are protected. The material that exposed is
chemically removed in an isotropic fashion, leading to the “equipotential” etch lines shown in the figure. As
the etching procedure progresses, enough material will be removed to etch entirely through the thickness
of the sheet leaving a beveled edge profile with concavity. Further increases in etching time will produce
steeper beveled angles. Since this process works at the microscopic level, it also produces an edge with a
small radius at the bottom surface, leaving a sharp terminal edge.

Figure 4. Schematic of etching process to obtain the edge profile and sharp terminal radius.

Metal materials were considered for this study, primarily due to their availability in thin sheet from, ability
to withstand packaging strains, and ability to etch chemically. Previous studies had considered using ceramic
and/or composite materials due to their low CTE, which is desirable in order to maintain the precise optical
edge profile. However these materials either lacked the ability to produce a sharp edge, were brittle and could
not withstand the strains associated with petal packaging, or it was considered impractical to manufacture
segments at the meter-scale. The metals considered for this study are listed in Table 1. The amorphous
metal alloy (2826MB), was particularly attractive due to its absence of grain structure. Therefore, in theory
material should be removed at finer scales than those with grains, leading to more uniform etched features.
Kovar also appeared to promising due to it’s relatively low CTE. Other materials, such as Invar and titanium
were not considered as they are difficult to etch using the implemented process. All of the samples were 50.8
µm in thickness except for the amorphous metal, which was at 29.0 µm. For this study, simple rectangular
coupons were produced with 25 x 50 mm dimensions.

4. SEM CHARACTERIZATION

A Zeiss 1550VP Field Emission Scanning Electron Microscope (SEM) at an operational voltage of 10 kV
was used to image the etched profile and terminal radius of the optical edge coupons. The samples were
first cleaned in an ultrasonic bath with acetone for 30 minutes and then transfered to isopropyl alcohol for 5
minutes. The solvents were evaporated in air with the coupons in an edge-up orientation in order to prevent
residual contaminants from coating the terminal edge. No mechanical wiping was performed in order to
avoid damage. They were then assembled on a flat test platform via electrically conductive carbon tape and
placed in the sample chamber.



Figure 5 displays the corner of the etched samples from an oblique angle. From these images, the shape of
the edge profile can be observed along with the etched surface features. The edge profile is easily discerned
for the beryllium copper, Kovar, and stainless steel samples which have a sloped profile that extends out
approximately 30 µm in the in-plane direction. The profile of the amorphous metal edge is more difficult to
observe as it has a much longer, shallow etched profile, approximately 80 µm in length. Significant roughness
is observed in the etched surface of the beryllium copper, Kovar, and stainless steel samples, with feature
sizes corresponding to the approximate grain size of the material (the individual grains can be observed on
the top surface of the stainless steel sample). This roughness occurs from the etching process as the etchant
has higher selectivity along the grain boundaries which tends to separate the entire grain as a whole. This
process greatly affects the uniformity of the terminal edge. While roughness is apparent for the amorphous
metal edge, it is less pronounced than the other three samples due to the absence of grains in the material.
The terminal edge also appears to be much more uniform in comparison to the other samples.

(a) (b)

(c) (d)

Figure 5. Oblique view of the corner of each optical edge coupon: a) Beryllium Copper, b) Kovar, c) Stainless Steel,
d) Amorphous Metal.

In order to assess the in-plane uniformity of the edge coupons, top-down SEM images were also captured.
These images are found in Figure 6 for each of the materials. From this view, the roughness of the etched
surface is again apparent. Stainless steel appears to have the largest surface features that are on the order
of 10 µm in size. The roughness of the amorphous metal coupon is at a much higher spatial frequency, with
features at the 1-2 µm level. It is also apparent that the amorphous metal edges are much more uniform in
in-plane profile as the terminal edge is straight across the captured field-of-view. In comparison, the other



three samples have jagged profiles which are again attributed to the grains in these materials.

(a) (b)

(c) (d)

Figure 6. Top view of the optical edge coupons displaying terminal edge uniformity. a) Beryllium Copper, b) Kovar,
c) Stainless Steel, d) Amorphous Metal,.

The amorphous metal was chosen as the baseline optical edge material due to its uniformity in etched con-
ditions. However, it was desired to reduce the length of the etched profile for mechanical/durability reasons.
Therefore, further work was performed in order to optimize the shape of the etched profile. Specifically, a
longer etch duration was implemented in order to create a steeper bevel which is displayed in Figure 7(a). A
slight ridge in the etched surface is observed before transitioning to a rounded profile along the top surface.
There is also a clear boundary between the etched surface and the un-etched portion of the coupon denoted
by the change in color from dark to light. This un-etched region is inset from the edge of the applied
photomask and therefore it is believed that the etchant is leaching underneath the mask.

Figure 7(b) also displays an edge-on view of the etched amorphous metal coupon, used to measure the
radius of the terminal edge. Several features can be observed at this magnification, however they are all
significantly less than one micron in size (∼ 250 nm). Therefore, the process developed to etch the profile in
the amorphous metal was proven to also create the sharp terminal edge required for minimal light-scattering
purposes.

5. SCATTERED LIGHT PERFORMANCE

A custom testbed was developed in order to characterize the scattered light performance of the optical
edge coupons (for details of the system, see4). The testbed captures both diffuse and specular scattered



(a) (b)

Figure 7. a) Detailed view of an amorphous metal coupon after increasing the etching time. A steep beveled profile is
produced under these etching conditions. b) Edge-on view of the etched amorphous metal displaying a sharp terminal
edge (< 0.5 µm).

light across varying incident angles. The coordinate system for used in this study is shown in Figure 8.
The measurements are performed for both the horizontal and vertical polarizations, defined with respect
to the scattering plane. Results are presented here for amorphous metal and beryllium copper coupons for
comparison purposes.

Figure 8. Coordinate system for scatterometer measurements.

Figure 9 displays the intensity of scattered light seen at the telescope, per unit length of optical edge. A sharp
central region of high intensity is observed around theta = 0◦ for all of the measurements, corresponding
to specularly scattered light. The beryllium copper sample has a wider signal over the range of theta
angles tested in comparison to the amorphous metal sample. However, the maximum intensity for the
beryllium copper is approximately four times lower. On average, the measurements performed in the vertical
polarization configuration are brighter than those performed for the horizontal state.

In order to relate the above measurements to the on-orbit performance of a starshade design, the total



integrated flux from scattered light was calculated while taking into account the varying incident angles on
the petals. This was performed for varying sun angles with respect to optical axis of the telescope. Figure 10
displays the total intensity of light scattered from 180 m of optical edges (ie. assuming one side of a starshade
with ∼6.5 m long petals is illuminated). The results are presented in terms of stellar magnitudes with lower
intensities corresponding to higher magnitudes. They are also compared to a preliminary prediction of the
intensity from the total zodiacal light (zodi) with contributions from our sun as well as the target star,
estimated at magnitude 25 for one polarization state (horizontal or vertical). Therefore, the intensity of
scattered light from the edges should be lower than this value in order to have the zodi be the dominant
source of contaminant light.

From these plots it is apparent that the amorphous metal greatly outperforms the beryllium copper over
all sun angles. On average, it is approximately 1 - 2 stellar magnitudes dimmer for both polarization states
with the horizontal polarization being the dimmer of the two. The scattered intensity is at a local minimum
(maximum stellar magnitude) at sun angles ranging from ∼ 50◦ - 75◦, and gets brighter outside this range.
The measurements indicate that the scattered flux is predominantly dimmer than the predicted zodi except
when at low sun angles in the vertical polarization state. Further improvements to the scattered light
performance could possibly be made by decreasing the reflectivity of the edges by adding an anti-reflective
surface coating. However, diffraction limits will dictate the absolute minimum scattered intensity.

(a)

(b)

Figure 9. Scattered flux at the telescope, per unit edge length for a) amorphous metal and b) beryllium copper optical
edge coupons.
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Figure 10. Scattered light intensity from 180 m of exposed optical edges.

6. SUPPORTED ETCHING

Since the amorphous metal material is so thin it behaves like a membrane in its free state. Therefore, handling
of the optical edge becomes extremely difficult at the meter scale. Furthermore, significant challenges would
arise when attempting to integrate this membrane-like structure into the starshade petal while maintaining
the required in-plane accuracy. Therefore, current efforts are focused on providing mechanical support to
the amorphous metal film prior to etching. This is done by bonding on a stiff CFRP substrate, having the
same wavy shape as the desired etched profile, to one side of the metal prior to the etching process. However
complications in the manufacturing process arise due to the significant step change in thickness presented
by the CFRP substrate.

Figure 11 displays the process flow for the supported etching concept. The CFRP substrate is first bonded to
an oversized amorphous metal sheet and the entire assembly is then covered in liquid photoresist. A physical
mask is placed on top of the assembly, which defines the in-plane wavy profile of the optical edge. With
this mask applied, the photoresist is exposed via UV light and developed, leaving the areas to be etched
exposed. The entire assembly is then subjected to the etchant for a pre-deteremined length of time in order
to produce the necessary beveled edge. The photoresist is then stripped and cleaned from all of the surfaces
leaving a completed optical edge segment. This can then be integrated into the structural edge of the petal
for implementation into the starshade structure.

7. CONCLUSIONS

A method to produce precision optical edges for a starshade external occulter has been developed. Isotropic
etching processes were implemented in order to create edges with a beveled profile and sharp terminal edge.
Material trade studies were performed at the coupon level and SEM images were used to capture their etched
features. Amorphous metal materials were shown to display the best performance overall due to their lack
of grains. The etching conditions were tuned in order to create a mechanically robust profile and sharp
terminal edge (∼ 250 nm).

The scattered light performance of the amorphous metal coupons was characterized using a custom scat-
terometer testbed. The measurements displayed intensities less than the total zodi when considering the
vertical and horizontal polarization states independently, however the total intensity was slightly greater in
intensity when combined together.



Figure 11. Process flow for the supported supported etching concept.

Further work is required in order to implement the etching process for meter-scale segments that meet
specifications on in-plane profile and terminal radius. A method to support the edges prior to etching was
presented in order in aid in this process. Anti-reflective surface coatings should also be considered in order to
further reduce the scattered light performance. Studies related to etch uniformity, contaminant prevention,
and survivability during packaging/deployment are also ongoing.
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