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ABSTRACT

Here we discuss high-performance UV detectors to be used with the planned Star-Planet Activity Research CubeSat
(SPARCS). SPARCS is a 6U cubesat designed to monitor M stars (0.1 — 0.6 solar masses) in two photometric bands in
the near UV and far UV (S-NUV, 260-300 nm; S-FUV, 150-170 nm). SPARCS targets range in mass and age, including
young stars (10-20 Myr), which are likely forming terrestrial planets, to old stars with known transiting planets, allowing
us to map the evolution of UV emission and flare rates. The spectral slope, variability and evolution of a host star’s high-
energy radiation would provide realistic input stellar fluxes to planet atmospheric models, which would aide in
understanding the evolution and habitability of a planet and in interpreting its transmission and emission spectrum.

The baseline S-NUV detector is a 2D-doped (delta-doped or superlattice-doped) charge coupled device (CCD) optimized
with a custom antireflection (AR) coating to achieve quantum efficiency (QE)>70% throughout the S-NUV band. The S-
NUV detector would be coupled with a stand-alone red-blocking filter that provides at least three orders of magnitude (i.e.,
>0D3) out-of-band suppression, critical for the observations of such cool, red stars. Their combined throughput would be
>25% (peak) in the S-NUV. The baseline S-FUV detector is a 2D-doped CCD optimized for the S-FUV band; it includes
an integrated filter designed to maximize in-band throughput with good red-leak suppression. As designed, the solar-blind
silicon detector achieves peak QE>35% in the S-FUV band and >OD2 out-of-band suppression. SPARCS has baselined a
dichroic design that allows for simultaneous S-NUV and S-FUV observation.

SPARCS would advance 2D-doped detectors and detector-integrated out-of-band-rejection filter technologies for their
potential application in future mission concepts such as LUVOIR and HabEx.
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1. INTRODUCTION

M dwarfs are the most common of planet hosts in our galaxy with roughly 40 billion terrestrial planets in the habitable
zone (HZ).}? M dwarfs are known to stay active with high emission levels and frequent flares throughout their lives.® UV
flux during the super-luminous, pre-main sequence phase of M stars drives water loss and photochemical O buildup for
terrestrial planets within the HZ.* The planet’s UV environment will also affect its atmospheric composition and its
potential for habitability and the corresponding detectability of biosignatures (Figure 1). In depth characterization of the
UV environments of M dwarf planets will be crucial to understanding these parameters and aide in discriminating between
biological and abiotic sources for observed biosignatures.

The NASA-funded Star-Planet Activity Research CubeSat (SPARCS) observatory would be the first mission to provide
the spectral slope, flux and evolution of M dwarf stellar UV radiation on time-scales from minutes to weeks. SPARCS,
led by Arizona State University (Pl Evgenya Shkolnik), would be a 6U cubesat with two UV channels to monitor ~20 of
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these low-mass stars. The SPARCS near UV (S-NUV) bandpass spans 260-300 nm with its strongest feature being the
upper-chromospheric Mg Il doublet (280 nm) formed at ~10* K, similar to, and known to correlate with, Lyman-a. (121.5
nm).®> The SPARCS far UV (S-FUV) bandpass spans 150-170 nm, and includes the C IV doublet (155 nm), formed in the
transition region at ~10° K, and the He II line (164 nm), formed in the corona at ~107 K. The UV emission probed by
SPARCS can photodissociate important diagnostic molecules in a planetary atmosphere, such as water (H20), ozone (O3),
sulfur dioxide (SOy), a signature of volcanic activity, and ammonia (NHs), an important source of the nitrogen required to
build amino acids. SPARCS has baselined a dichroic design that would allow for simultaneous S-NUV and S-FUV
observation; the crossover wavelength for the dichroic would be at 233 + 5 nm.
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Figure 1. The stellar UV flux has a dramatic effect on a planet’s detected atmospheric content. The plot shows an Earth-like
planet spectrum in the HZ of an active (red) and inactive (green) M4 dwarf. The spectrum of the Earth around the Sun is
shown black for comparison. (Adapted from Rugheimer et al.5)

For each of its targets SPARCS would conduct nearly continuous observations for one to three complete stellar rotations
(4-45 days) over a mission lifetime of two years. This represents an increase in M dwarf UV measurements from timescales
measured in minutes—e.g. with Hubble Space Telescope (HST) and the Galaxy Evolution Explorer (GALEX) — to weeks,
allowing SPARCS to capture short-term flaring and long-term rotational modulation (Figure 2). These dedicated,
prolonged observations are required to develop the statistics needed to constrain input parameters for photochemical
atmosphere models.
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Figure 2. SPARCS would provide three orders of magnitude increase in M dwarf UV measurements over the total UV data
collected with HST and GALEX. SPARCS would observe on timescales from minutes to weeks, recording short-term flaring
and longer-term rotational modulation.



2. SPARCS ULTRAVIOLET DETECTORS

The SPARCS camera (SPARCam) advances UV detector technology by flying high QE, UV-optimized detectors and
detector-integrated out-of-band-rejection filters developed at JPL. JPL’s UV detector technologies are based on nanoscale
engineering processes, including delta- and superlattice-doping (“2D-doping”) and atomic layer deposition (ALD).™® Our
detectors have previously been demonstrated in the laboratory environment, in ground-based systems, and on sub-orbital
payloads.’® This manuscript provides the details of the SPARCS detectors, which would be produced using JPL’s
established and proven 2D-doping and UV bandpass filter technologies.®*? An in depth discussion of the SPARCS
mission and complete payload are the subject of an accompanying proceedings manuscript.3

2.1 SPARCam NUV Channel

The baseline S-NUV detector is a 2D-doped, AR-coated, 1k x 1k (1k x 2k, frame transfer), 13 um CCD47-20 (Teledyne-
e2v). The model response of detector is shown in Figure 3 along with the measured response of a prototype detector. The
prototype detector included a simple, single layer hafnium oxide (HfO2) AR coating, resulting in QE>70% at the S-NUV
band center.’® The same processes used to produce this performance would be applied to the SPARCS detector.

The HfO, AR coating to be used with the S-NUV detector has been proven to improve detector response in the S-NUV
band. However, suppression of out-of-band light is also desired for SPARCS, as the faint UV signals expected may be
hindered by inadequate rejection of stellar emission in the visible and near infrared regions of the spectrum. The “red-
leak” will mask the UV signal if filtering is not adequate. Thus, SPARCam would employ a stand-alone, commercial filter
for red-leak suppression in the S-NUV channel. Together with the 2D-doped CCD, the filter would define the NUV channel
bandwidth and in-band throughput. The filter would also provide red-leak suppression of three- to four-orders of magnitude
out to 1000 nm where silicon becomes transparent. The expected throughput of the S-NUV channel is shown in Figure 4;
the full width half maximum (FWHM) peak would span 260-300 nm with maximum transmission ~30%.
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Figure 3. Model performance (solid line) of the baseline S-NUV detector is compared to the measured performance (dashed
line, open markers) of a prototype detector in the same wavelength range.'° The prototype detector data was corrected for
quantum yield using correction factors derived by Kuschneres et al.**



102 T T T

T T T T
\— S-NUV Detector + Filterl
10" 1
=<
: 100k 4
=] L
Q.
S 10
S L 4
<
=
— 10%F 1
ko)
8
= 10
270 300 330 360
10
10-5 L L L L L
200 300 400 500 600 700 800 900 1000

Wavelength (nm)

Figure 4. Model throughput of the S-NUV channel defined by the combined throughput of the baseline 2D-doped, AR
coated detector together with a commercial bandpass filter. Inset shows the expected bandpass throughput on a linear scale.

2.2 SPARCam FUV Channel

The baseline S-FUV detector is also a 2D-doped CCD; rather than a simple AR coating, the S-FUV detector would include
an integrated metal dielectric filter (MDF). The integrated filter would perform a similar function as the stand-alone,
commercial filter in the S-NUV channel; it would define the FUV bandpass and provide good red-leak suppression out to
1000 nm. The S-FUV MDF structure will be adapted from a design JPL previously developed for use with silicon
APDs.'>16 These filters were based on three- and five-layer Al/Al,Os filter stacks optimized for the 200-240 nm bandpass
with two- to three-orders of red-leak suppression. Al;Os is not an appropriate material selection for the S-FUV bandpass,
as it exhibits strong absorption at wavelengths less than ~190 nm. As such, the SPARCS baseline design uses a MDF with
an Al/AlF; stack using processes already developed at JPL; the model throughput of the S-FUV channel is show in Figure
5. When integrated with the 2D-doped detector, the seven-layer Al/AIF; MDF is designed to yield peak QE>35% and a
red-leak suppression of more than two orders of magnitude out to 1000 nm. The SPARCS dichroic filter would provide
additional red-leak suppression in the S-FUV bandpass.™
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Figure 5. Model performance of the baseline S-FUV 2D-doped detector with integrated MDF. Inset shows the expected
bandpass throughput on a linear scale.

Development of the MDF for the S-FUV detector is on-going; we have demonstrated deposition of FUV-optimized MDFs
on non-functional prototype devices with the same dimensions as the baseline SPARCS devices (Figure 6). Five-layer
Al/AIF; MDFs were deposited with well-defined spatial boundaries, preventing interference with the device’s bond pads.
Reflectance measurements from two different systems show that the film’s optical properties are as expected, exhibiting
two orders of magnitude out-of-band suppression.
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Figure 6. (left) Non-functional prototype device with an integrated, five-layer, Al/AlFs MDF. (right) Reflectance
measurement from the sample on the left showing good agreement with the model. 6

JPL’S BACKSIDE PROCESSES
2.3 Two-dimensional Doping

By using silicon-based detectors, the astrophysics community is able to take advantage of the enormous investment made
in the silicon industry. As measurement requirements become more demanding, large format, high performance imaging
arrays will offer important advantages for the future of space exploration as well as the semiconductor and medical
industries. A key performance metric and challenge for scientific imagers is photometric stability, a parameter that depends
largely on passivation at the detector interface. Without passivation, defects at the Si/SiO, interface result in dynamic
surface charging and trapping effects that lead to QE hysteresis and persistence. Such behavior would be detrimental to
missions such as SPARCS that are directly probing sources with time-variable emissions.

JPL’s delta- and superlattice-doping (“2D-doping”) processes use low temperature molecular beam epitaxy (MBE) to
embed an atomically-thin (2D), highly concentrated layer of dopant atoms within a few nm of the surface.” This high
precision growth technique allows for nanometer-scale control over dopant distribution and near-surface band structure.
The 2D-doped layer forms a nanometer-scale surface potential barrier that isolates the detector from Si/SiO; interface
traps, resulting in exceptional stability for 2D-doped arrays, while quantum confinement and ballistic transport effects
minimize trapping and recombination, ensuring high QE throughout the challenging NUV and FUV bands. Furthermore,
because it is a low temperature process, JPL’s 2D-doping is compatible as a post-fabrication step that does not damage
existing device structures (polysilicon gates, metals, and oxide layers that comprise the frontside CCD detector
electronics). Our processes are also applicable to virtually any silicon-based photodetector, and have been demonstrated
with CCDs, complementary metal-oxide-semiconductor active pixel sensors (CMOS APS), avalanche photodiodes
(APDs), and silicon PIN diode arrays.”1017-24

2.4 Atomic Layer Deposition based Antireflection Coatings

Ideal AR coatings are uniform, pinhole free and reproducible; at JPL we use atomic layer deposition (ALD) for the majority
of our filters and AR coatings. ALD is a technique whereby thin films are grown through a series of self-limiting chemical
reactions at a substrate surface. It has been widely used for the preparation of dielectric materials, including metal oxides, -
28 metal fluorides,?*3? and metal nitrides, as well as thin metal films and nanoparticles.®® Due to its highly controlled
growth mechanism, in which a film is deposited a fraction of a monolayer at a time, ALD offers nanometer-scale control
over film thickness and composition with well-defined, sharp interfaces.®3* These characteristics make ALD ideally suited
for precision processing of scientific imagers where even slight non-uniformities in detector sensitivity can diminish
science return.



The effectiveness of ALD-based AR coatings for improving silicon photodetector response is well-established. Early work
with single layer metal oxide coatings at JPL led to world record QE in narrow bandpass regions throughout the 100-300
nm wavelength range.® We have since extended our work to multilayer AR coatings for both broadband and narrow band
applications. For example, JPL recently delivered multiple 2D-doped detectors for the facilities at Caltech Optical
Observatories, including WaSP (Wafer-Scale imager for Prime) and ZTF (Zwicky Transient Facility). Multilayer AR
coatings optimized for 320-1000 nm were applied to deep depletion CCDs resulting in average QE>80% throughout this
wavelength range.>%° Similarly, JPL delivered the UV detector for the Faint Intergalactic Red-shifted Emission Balloon
(FIREBall-2) experiment; multilayer AR coatings were optimized for the UV stratospheric balloon window spanning ~195
to 225 nm. These coatings were applied to electron multiplying CCDs (EMCCDs), resulting in QE~80% for the FIREBall-
2 detector prototypes.3¢-3 The materials and processes developed in these and other projects will be used for the SPARCS
detector.

2.5 Integrated MDFs for Solar-blind Silicon

Antireflection coatings such as those described in the previous section have been widely-used for improving detector
response in a given bandpass, and they can be optimized for both broadband and narrow band performance. However,
there are cases, such as SPARCS, for which suppression of out-of-band light is also desired. When paired with 2D-doped
arrays, JPL’s integrated MDFs achieve stable UV response together with the necessary red-leak suppression. These MDFs
are essentially Fabry-Pérot filters, which have a long history of use as stand-alone bandpass filters deposited on transparent
substrates. The basic concept of an MDF consists of depositing matched parallel reflecting metal layers separated by a
transparent spacer layer in order to destructively phase-match the reflection from the metal layer at a particular wavelength
and maximize transmission through the structure. Out-of-band light is not subjected to the same interference and is rejected
by the high natural reflectance of the stack. Compared to in-line filters prepared on transparent substrates, detector
integrated MDFs allow for index matching and higher in band throughput.*

3. MODELS

The optical models presented in this paper were developed using the transfer matrix method and the TFCalc software
package.* Optical constants for silicon, aluminum, and various metal oxides and metal fluorides were taken from Palik
and the Sopra database.®** It is well known that a material’s optical properties can vary depending on the deposition
method; thus spectroscopic ellipsometry data collected using laboratory prepared samples (Horiba UVISEL 2; J. A.
Woollam VUV-VASE) were also used in modeling where appropriate.
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