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1 Introduction

Four flagship mission concepts a@vunder study by thastrophysics and exoplar@mmunity

Science and Technology Definition TearSTDTs)c har ge d by the Direct
Astrophysics DivisionThe report from these STDWsll form the basis for the nexXstrophysics

Decadal Survey input. Two of these mission concepts, Large Ultraviolet/Optical/Infrared
(LUVOIR) Surveyor mission and Habitable Exoplanet (Habixgsion,address the need far

successor to the scientific lexyaestablished by the Hubble Space TelescéfeT( and the

exciting opportunityto search for life as a followntoKeplet s pl anet fi.nding di

Mid-decadal studies have been ongoing that build on the work of the National Research
Counci | asSurveye foraAktronomy and AstrophysicBlew Worlds, New Horizons
(NWNH.! These studies have consistently set forth technology development goals afted at
enabling a future large aperture, UVOIR flagship mission as a succest®famd (2)increasing
the scientific reach of smaller missions. T@asmic Origins Program Analysis GroupQPAG
is now evaluating and recommending technology investments tothasiksgoals through Science
Interest Groups (SIG)s, and the Exoplanet Program Analysis Group (ExoPAG) hasdétois
recommendation. In both of these scientific focus areas, single photon canduiga-low noise
detectors are a priority. Furthernepthese recommendations set as a goal very large farenat (
100-Megapixel to Gigapixel), high quantum efficiency (QE), {d¥hsitive detectors
Additionally, the Association of Universities for Research in AstronOhtyRA), convened a
group to evaluata next generation flagship larg&/OIR space telescope. Their recommendation
for the High Definition Space Telescope (HDST) includes ultralow noise anddd¥itive
detectors as highest priority technology, especially when produceéftasively and inhigh

numbers. These new recommendations from AURA, COBAG and Astro2010 reflect the new



understanding of the scientific opportunities enabled by technological breakthiemdjasge

scale detector fabrication.

Frontier astrophysical investigationseanecessarily conducted at the limits of resolution,
étendueand sensitivity. A futur®-16-meterUV/optical telescope mission will require significant
detector advances beyond HSGalaxy Evolution Explorer GALEX, and Far Ultraviolet
Spectroscopic Exprer FUSE detector technologies, particularly in QE, spectral responsivity in
the UV, resolution,area,pixel count and intrinsically low detector damturrent Dramatically
increasing the efficiency of the detectors could allow Explorer class or Probe class missions to

performFlagshipmission science.

In this paper, we discuss algvelopment ofiigh performance silicon detectors that are widely
applicable tovarious UV/gtical and UV missions in different classes from suborbital to orbital
missions in Explorer, Pra&h and Flagship class missions. We give an overview of the deployment

of these detectors and discuss their potential future applications.

The development and deploymentddltadopedand superlatticeloped(al s o cal | ed 0
d o p e ddescribed sn Sec. Jjlicon arrays is summarized pictorially in Fig. 1.1. Deltpel
arrays arose from efforts to address the surface passivation problems faced®y@eDs, and
the first deltadoped CCD was reported in Hoenk et al. 183ais first device was a 100x100
pi xel array and exhibited 100% internal QE; b
|l arge as 1KI1K with i mproved sdeltatiopddartayshaaend uni
beendemonstrated on wafacale devicesmdependently evaluated and their performance has been
verified by various groups, including the group led by Klepler PI for precision photometry.
Additionally, deltadopedarraysof various formats have successfully flown on muétipliborbital
flights, includirg sounding rockets with the University of Colorado, Johns Hopkins University,
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Figure 1.1. More than two decades of development and deployment have proven the capahiligepanded the scalédeltadoped silicon arrays. This
technology is welpoised to make a significant impact on the capabilities of future Expttass and Flagship missions.



and Cornell/ Dartmouth/ Southwest Research Institute

Deltadoped arrays have also been delivered for the Faint IntergalactibifRsti€mission
Balloon experiment (a stratospheric balloon payload) and the Coloraderés$iglution Echelle
Stellar Spectrograph (a rocket payload). Recent and ongoing gbased observations include
wor k at Pal omar 6s Cos mi bseVatoby. Work eogglated durning theat St
past two decades have advanced the -dielpang technology such that it is perfectly poised to be

incorporated into future Exploretass, Probelass, and Flagship missions.

2 Scientific Detectors for NASA Missions

2.1 Silicon Detectors and Imaging Arrays

Silicon imaging and detector arrays, especialisharge coupled devices (CCDs) and
complementarymetal oxide semiconductor (CMOSarrays are ubiquitous in different fields of

imaging applications. This duein part to thesteady advancement of silicon VLSI technology

and the consumer market for imagi&hortly after the invention of CCDs in 1969 at Bell Labs,
extensiveprograms were established at JPL to advance early @@hwaging systems aboard

N A S AHagshipmissia Galileo* andits first great observatoryST.> CMOS-based imaging

started around the same timetiel 9 6 ®Owt it was not until 19906
began in earnest due in part to fabrication advancement and to focused effort of ALN@S

Pixel Sensor developmeat JPLandother CMOS images elsewher@CMOS imaging has had

an enormous impact on consumer field and in recent years has become viable for scientific

applications.

Through the years, the metricsadtectorperformance have progressed as VSLI technology

has maturedToday, silicon imagers are commercially available and cost far less than the



developmentatletectorghat NASA funded foGalileo andHST. The imager array size has gone
from 800x800 Galileo) to waferscale (e.g.10K x 10K). At the same time, many other silicon
detector technologies, including some that are capable of spingion sensitivity, have been
developed to meet the growing demandaerformancepplicationspecific detectorslable2.1).
While each of these device types differ in tlagchitecturatletils, there is much overlap in terms
of device physics underlying spectral sensitivity dack currentThe processes described in this

manuscript for surface passivation and UV sensitization (Sec. 3) are widely applicable to each of

the devices describaed Tade 2.1, as well as other silicebased arrays

Table 21. Summary of silicorbased device architectures and application considerations for each.

Detector

Description & Considerations

CCDs

First digital imaging arrays in space, CCDs have characteristically linear response,
high uniformity and low noise. They are read out serially which requires multiple
charge transfer steps. Workhorse for scientific imaging. Wafer-scale production of
scientific-grade detectors is possible

CMOS

Similar in concept to CCDs but with p
pixelo capability. Highly dr-noiseCGMOBY ¢
imaging arrays are becoming available for scientific applications. Parallel readout
with per pixel amplifier allows for fast/versatile readout.

a
¢

High Purity
Silicon Devices

CCDs made from high purity/high resistivity material. The entire silicon volume is
depletable to 200-300 nm depths.® As such, NIR (I ~1 um) photons can be
detected efficiently and without fringing, giving improved red response. Thinning to
epitaxial thicknesses (5-15 nm) not required.

EMCCD: Electron
multiplying CCD

ACCDs wi.AlIm g@aidndi onal serial register
register. With a modest applied voltage (40-50 V) a gain of 1000s can be achieved.
Essentially eliminates read noise. Single photon counting capability. Can be

operated in fAinor mal modeod or in fiphot ¢
dynamic range of the detector

Hybrid Arrays

Detector circuitry and readout circuitry are fabricated in separate silicon wafers.
These wafers are then physically/electrically interconnected; typically, with indium
bump-bonding. Hybrid arrays combine high sensitivity and fast readout
capabilities. Detector and readout may be optimized independently.

Photon Counting
Avalanche Diode

Low Noise Al so call ed fAsci en€ambineslow-nGidé@rRl ropust@essdds )
CMOS space-based applications.

APD: Avalanche | Semiconductor version of a photomultiplier tube. High voltages (hundreds of volts)
Photodiode across the devices results in avalanche multiplication of charge.

SPAD: Single Reverse-bias PN avalanche diodes that operate in the Geiger mode to produce

large current pulse; i.e., CMOS imager in which gain can be achieved within each
pixel.1%12 Single photon counting capability and fast timing resolution ideal for
time-resolved measurements.




2.2 Achieving High Quantum Efficiency and Broad Spectral Response in Silicon

The QE and spectral rangef front-illuminated silicon detectors are limited by absorption and
scattering by metals and polysilicetnucturegshatform the essential circuitry on the front surface
regardless of the detector readout structure (e.g., CCD, CMOS, or AMeB)early in the history
of dlicon CCDs,it wasrealized thabacksideillumination offers a convenient way w@rcumvent
these limitationspotentially enablingbroader spectral responaad higher QEHowever,new
limitations andtechnologicalchallengesvere immediately created Myack illumination.Early
backilluminated detectors weregued by timesariable and nonuniform badurface charging
which resulted in sevengroblems with low nonuniformand unstabl€®E. The severequantum
efficiency hysteresis(QEH) in WF/PGC1 CCDslaunched an intensive R&D effort at JPL to
developa stablédackilluminatedCCD. Thehistoryo f J P L-doped @E@Dltechmology can be
traced tathe focugd efforton solving the QEH problem .

Trapping of photo-generated charge Front surface

Back surface L
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Figure 2.1 Schematic drawing of the electronic batdicture in a back illuminated silicon imaging deteétor.

Figure2.1 shows a&ross sectioschematic drawing of the electronic band structure of a-back
illuminated silicon imaging detectofhefront surface electrodeare shown schematicallywaghe
right, and an oxide formed on the back surface is shown schematically on the left. Light enters

through this thin oxidegyenerating free charge carriers in the conduction band. In order to be
7



detected, the charge carriers must move by drift and daiffusto the buried channel near the front
surface. Howevedefects at the S5i0; interface create electronic states that can trap and release
electrons and holes, resulting in tiwariable surface charge and electric fields near the silicon
surface. Thse fields can trap photogenerated charge, causingréinable (unstable) QEhis is

the source oQEH. Surface charging affects device performance at all wavelengths, but the
shallow absorption depth of UV photons renders UV detectors especiallyahliéo surface

defects and associated problems with low and unstable QE. Surface defects are also responsible
for elevated surfaecgeneratedark current, which introduces noise and reduces the sensitivity and

dynamic range of scientific detectors.

In order to achieve stable, high QE in baltkminated silicon detectors, and to reduce surface
dark current, the surface must be passivated. However, the mighpdssivatiorare constrained
by the detector itself. Most surface passivation processes réugiréemperatures that would
damage or destroy the detector. Several approaches have been developed to passivate and stabilize

backilluminated silicon detectors, including:

1. Although not a surface passivation technighe, wse of phosphorescent mater{alg.,
coronene, lumogen) to dowgonvert UV photons to visible wavelengtvas used as a
iwork aroundo to achi eve. U ampmaciswas usediint y an
the Wide Field Planetary Camera HST.® Although phosphorescent materials help to
reduce the magnitude of the problem, they must be used in conjumdgtio backside

charging or surface doping in order to eliminate quantum efficiency hysteresis entirely.

2. Backside charging methods (e.g., UV flodlkhshgate and/or chemisorption charging),
which introduce net negative charge in the oxide to overcompasityve charge trapped
in defects at the S$i0; interface. The main challenge for backside charging methods is

8



one of stability, as dissipation of charge over time can necessitate the use of methods (e.g.,

a UV flood) to recharge the surfate.

3. Surface doping techniques, which stabilize the detdstoreducing the thickness of the

surface depletion layer and create an internal barrier that suppresses surface dark current.

JPL6s approach to surface passivation is bas

described in detail i®ec. 3

3 Delta-dopedSilicon Detectors

3.1 PostFabrication Processing of Silicon Detectors

By using silicorbased detectors, the astrophysidgeliophysics, and planetary science
communities arable to take advantage of the enormous investment made in the siliostrynd

Even sothere are still significant challengesaohieving high quantum efficiendlgat spans the
UV/optical/NIR wavelength rangand high yield producton o f Afsci endhs gr ade
section describes our developmenpost fabrication pragssing and delt@dopingand superlattice

doping which effedively and efficiently addressabese challenges and has been applied to

multitude of silicon array architecture and a high quantity of wafers and devices.

The photosensitive volume of most siit detectors comprises a thin layer of high purity
epitaxial silicon that is grown on a thick, highly conductive silicon substrate. Highly conductive
silicon makes a poor detector, as photogenerated electrons are lost to recombination before they
can be diected. In order to achieve high QE in a back illuminated detector, the thick substrate
must be removed to expose the thin layer of high purity silicon. Thinning (i.e., the substrate
removal process) a silicon substrate that is hundreds of microns thiekledving intact the

15 um silicon detector proves to be extremely difficult. Whereas early detectors were relatively
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small, the challenges of thinning have grown with the size of detectors. Even after the substrate
has been removed, two essential peois remain. First and most obviously, the silicon substrate
performs an essential function of mechanical support. An unsupported silicon detector is fragile
and frequently deformed by internal stresses into a shape that has been compared with a potato
chip. Second, the silicon substrate also performs an essential electrical function. Being electrically
conductive, the silicon substrate forms a stable, equipotential surfacéackdsarface electrode

that prevents photogenerated holes from accumulatinigeoback surface.

3.2 BaclksideThinning

As previously discussed, backside illumination is required to achieve the best possible
performance from silicobvased detectors. For backsileminated operation, all the excess
silicon (i.e., the substrate) outsidithe depletion region must be removed. For conventional CCD

and CMOS, this requires thinning down to the epitaxial lay&0(Bm); whereas for high purity

fully depletabledevices and APDs, for example, thinning to -30® nmm is sufficient.

Earlydetector thinningf o c us e d -tomi mrniviEgndbe thinned region is supported
by the surrounding thick frame of silicon from the original-thickness device. The process for
framethinning involves a sequence of liquid etches that terminate aephaxial interface
between bulk low-resistivity silicon and the highesi sti vity silicon of
layer!” With appropriate patterning techniques, the frahiening process can be carried out with
a single detector, a raft of several detectors, or an entire wafer.-Eramiag dfered a relatively
fast approach to producing baitkiminated, thinned arrays; however, the approach produces

fragile silicon membranéssometimes as thin asmn (Fig. 3.1a). The framthinning approach

10



is not a sustainable approach for scaling up elanaging arrays or high throughput production

of scientific imaging arrays.

A major advance came with the development of wedevaferdirectoxide bondingin which
two wafers are bound togethaa theintermolecular forcebetweertwo very flat surfaces. In the
case of the detector waferthick oxideis addedpatterned andlanarized. The device wafer front
surface and that of a silicaupport (orhandlg wafer are activated by plasma etch, with the
resulting surfaces each tamated with a labile bonding grodp The blank handle wafer serves
(1) to protect the device wafer throughout the remaining processingasté{2)asmechanical
support for thehinneddevice waferFollowing the bonding step, the device wafer is thinned by
grinding and chemical/mechanical polishing until the wafer thickness is reduced from hundreds of
microns to tens of microng.he remaindr of the substrate is removed by a selective thinning
process, using a dopasgnsitive liquid etchant enables the use of the epilayer as an etch stop. A
final polish produces a mirror finish surfataUsing this wafedevel thinning process, thickness

variations on the order of3 mm can be achieved across améh wafer (Fig3.1).

11



Thinned Membrane

()
Figure 3.1. (a) Framehinned single die and (b) a frarheh i n n e showing laatch péocessimine die that were
thinned at once. (chhe backside of a bondel¢vice wafeduring the thinning process. (d) The backsifiehe
same wafethinned to 5mm. In this cae, hewafer is supported on a transparent qusitastratethus the entire
structure is transparent

It is important to note that the process of physically reducing the thickness of the silicon will
affect the detect@s long wavelength response. Fig@t2 shows thephoton absorption length in
silicon as well as th&ransmittance of silicon at varying thicknessesluding 10, 50, 200 and
500mm; from the plots it is clear thatlicon becomes increasingly transparent as the substrate is
thinned, whichwill decrease red respongér cases in which high red response is needed, a fully

depletable, high resistivity device should be used.
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Figure 3.2. (a)Photon absorption length in silicon as a function of wavelefigth). Transmittance of silicon is
plotted as dunction of wavelength and for varying substrate thicknesses spanns@0tin.

3.3 Silicon Passivation by TwbDimensional Doping

As discussed in Se2.2, backilluminated detectors require surface passivation in order to achieve
high, stable QE and reducarfacegenerated dark current. Defects located aSiH& O, interface

resultin loss of efficiency and increased dark current. Because these effects are dynamic, they can

make devices unstabl e, unreliabl e, saindatil @ m dna

to create a stable, high efficiency detector. One approach is to reduce the defect density, and
thereby reduce the charge density at th8i6k interface. This approach played a key role in the

history of the integrated circuits and silicdre t e ct or s . However, el iminai
enough for a detector for at least two reaséist, a detector needs to collect photogenerated

charge, so it is necessary to engineer the surface to provide a stable, ddaitric field. Second,

imaging detectors designed for use in the space environment must be able to withstand exposure

to ionizing radiation. lonizing radiation creates defects at the surface that can severely degrade
detector performance (see Defise et al. 1998 for data ondahage in ioamplanted CCDg™.

Of all of the approaches surface passivation developed to date, none can match the sensitivity

and stabil i-taydsupérlattid@dpidg>?*&e | t a
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Delta doping and superlattice doping are “thimensional (2D) doping techniques achieved
by low temperature molecular beam epitaxy (MB&)28 The use of low temperature MBE allows
for control of the surface doping profile and band structure engineering with nearly-atatac
precision. Conventional 3D doping processes produce random dopant distributions in the silicon
lattice, and are constreed by the solid solubility limit to a maximum achievable dopant
concentration. For example, the sediolubility limit for boron is approximately 3.3x4%cm?® at
1100°C.?° Beyord this limit, dopant activation and crystalline quality are degraded. 2D doping
enables low temperature crystalline growth of silicon with dopant concentrations at least an order
of magnitude greater than this limit, while still achieving nearly 100% atativ and high
crystalline quality. Atomidoron deposited by MBE on an atomically clean silicon surface forms
a seltorganized, 2D phase with surface densities up to 0.5 monolayer (approximately
3.4x10% B/cm? on a <100> silicon surface). Subsequent ghoeftepitaxial silicon encapsulates
and stabilizes thi&D layer ofboron in the silicon latticé? The process s t er med fddel t a
because the resulting dopant profile resembl.
dopingo refers to a doping profile in which m

structure(Fig. 33).2°
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Figure 3.3. Plotted are the simulated band structure of (a) a-delted detector and (b) a superlattitmped

detectorThreedimensional surface plots show the conduction band energy (z axifjragian of depth from the
Si-SiO2 interface (x axis), and interface trap dershtgrge(y axis). The width of the surface potential well
deternined by the MBE layer structur&he blue traces ire] show representative electron wavefunctions; quantum

confinement effects increase the ground state energy and prevent trapping of photogenerated elect&ihs at the
doped surface.

3.4 Optical CoatingsPrepared by Atomic Layer Deposition

For lowlight level applications, such as those described herein, it isattti@chieve the highest

possible QE. JRinvented2D-doped silicon arrays exhibit 100% internal QE with their response

following the reflection limit of silicon. Losses due to reflection can be significantly reduced

through the use of antireflection (ARpatings.Both hafnium oxide (HfQ) and aluminum oxide

(Al203) have been widely used asAR coating with CCDs to improve visible QE (i.e.,

| >400nm).2%*2However, the rapidly varying optical properties of silicon in the UV wavelength

rangeFig.34) means t here i

spectrum. Furthermore, in terms of material selection, one is limited to UV transmitting materials,

S no fione size fit

including several metal oxides (&) and metal fluorides (IVH.
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Additionally, the uniformity of scientific imaging detectors is imperative; thus, it is critical that
AR coatings also be uniforrand pin-hole free.Atomic layer deposition (ALD) is a thifilm
technique that utilizes a series of alternating,-lsmiting chemical reactions at the substrate
surface ALD has been widely used for the preparad@ variety of materials, including the UV
transmitting materials already mention€during ALD, films aredeposited one monolayer at a
time; thusit is possible to produce ultrathin, highly conformstioichiometricfilms with high
density and excellent uniformit{zurthermore, ALD allows fosmooth surface morphology and
stacked films with weldefined interface characteristics, as showth&abmic force microscopy

(AFM) and transmission electron microscopy (TEM) imagdsign 35.
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Figure 35. (a) TEM image of a stacked ALEIms showing well defined interfaces and uniform layers. (b)
Schematic diagram of the coatislgown in (a) and (c). (c) AFM image showing artt’ region of the coating
shown in (b). The surface roughness is ~2.5 A, similar to that of the uncoated surface.

The AR coatings described above offer a vesllablished approach tmproving detector
resporse, and can be tailored for both broadband and narrowgsfatmanceHowever, there
are certain cases in which suppression ofafttand light is desired. For example, the detection
of faint UV signals is often hindered by high visible backgroundsthe a | | elde &k & dma s k s
the UV signalln order to achievgood UV response together witbd-leak suppression we turn
to metal dielectric filters (MDFs) based on metal layers separated by transparent dielectric spacers.
MDFs have long been used witlatisparent substrates for staaldne filters, but only recently
have we extended their use to silicon substrates for use as detector integrated filters. Our initial
proof of concept studies based on AlB4 and Al/AIFz MDFs on bare silicon substrates (jeot
device substrates) show excellent promise as UV band pass filters, suggesting that it is possible to

achieve high ifband QE with oubf-band suppression on the order of (Eig. 36).
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Figure 3.6. (a) Calculated performance of a flayer MDF on silicon or quartz substrates. In band QE>60%, and
out-of-band rejection approaches*1# (b) Prototype MDFs on Siging aluminum fluoride layers as an alternative
to aluminum oxide with measured reflectance and projected transmittance based on ellipsometric characterization
(not shown) for three designs optimized for 2280 nm.

In addition to improved detectors, neggneration UV missions will requigedvancements in
the realm of reflective opti¢sin particular improvements to the operating efficiency and
environmental stability of standard Al mirrors at wavelengths shorter thahighefficiency
response of AMgF.. Extending the short wavelength performance of conventional protected Al
mirrors allows access to a rich spectral bandpass that has not been explored with high efficiency
by previous NASA missionsThe selflimiting nature of the ALD process makes it unaly
scalable to large area substragash as those envisioned for LUVQI&d commercial systems
have been demonstrated for the optical coating of rotaes substrate’s We refer the reader to
our recentJATISpublication, Hennessy et.&016, which describes our work in this arena and

provides a potential roadmap for future developméhts

The optical malels presented in this manuscript were developed using the transfer matrix
method and the TFCalc software pack¥g@ptical constants for silicon, alunum, and various
metal oxides were taken from Palik and the Sopra datdb#deis well known that a materiéd

optical properties can vary depending on the depositiethod; thus spectroscopic ellipsometry
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data collected using laboratory prepared samples (Horiba UVISEL 2; J.A. Woollam\MIS¥E)

werealso used in modeling where appropriate.

3.5 2D Doping andend-to-end Processing of Different Device Architectures

J P Lstawlardpostfabrication procesas described abovs summarized in Fig. 3.1°2° Fully
fabricatedwafers are bonded to a handle wafer and {thitined to the epiayer. The wafer then
undergoes several surface preparation steps to ready the surface for 2D doping and optical coating
processes. Finally, the back surface is patterned and etched tdo@wdalads prior to dicing and

packaging.

Our standard processing st&as be modified/customized to accommodate the various device
architectures described in Secl.Z=or example, the high puythigh resistivitydevices can be
fully depleted to a thiakess of 20800 mm; eliminating the need for a handle wafer as wethas
need to thin to the epitaxial lay&¥ithoutthe handle wafethe frontside electronics are exposed
however, it remainsritical that the back surface is atomically clean andyréadepitaxial growth
prior to MBE. Thus surface preparation techniques that awafidmistrieghat would attack the
existing circuitymust beused Finally, the backside pattern and et¢he., pad openingls not
required with higtresistivitydevicesbecause the bond pads remain accessible from the front side.
Similar modifications to the standard processes are made to accommodate APDs, hybridized
arrays, and eveinont-side illuminated device®epending on the applications, we will implement
our stadard packaging or develop custom packaging as for example in the case of WaSP closely

butted devices described in Sé42.4.
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Figure 3.7. J P L-t6-end pgosffdbrication process flow to produb&gh-performanceJV/optical/NIR sensitized
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3.6 High Throughput Processing at JPL

Kepleb s p hot o men aed9%Megapixebfara @athe, comprised of an array of 42 CCDs;
thus bringing us into the era of spau@sed extremely large focal plane arrfy®ata from the
Kepler Space Telescopas expanded our view of the universe by increasing our awareness of the
commamal ity of exoplanets and confir mi nlgi ktehoe
pl anets within t hGAIAHaarzhed ia2D13¢eutilizes 106 CCDE& (SoAprising

a nearly 1Gigapixel focal plane) in its mission to chart a thdémensonal map of the Milky Way

and reveal the composition, formation and evolution of our galactic neighbdthéadtire

missions will utilize even larger focal planes based on mosaicked arrays or monolithic devices.
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Stateof-the-art CCD fabrication facilities currently usex-inch wafers, and stataf-the-art
CMOS imager foundries usgghtinch wafers. In order to enable full wafer scale productioh
batch processingf 2D-doped detectors, JRleveloped infrastructurdnat includesacquiing a
productiongrade Veeco GEN200 Silicon MBE. This machine is equipped with a cluster tool with
automated sample transfer system that moves vptdéEnsbetween chambers under computer
control. Attached modules include a leladk chamber and @ ultrahigh vacuumstorage area
with motorized elevators, enabling the loading and storage of up to eightphatiarseachfor
batch processindg=achteninch platencan be configured for single wafers upeight inchesn
diameter or for multiple smaller wafers. The preparation chamlgffésentially pumped, and
equipped with a sample heater, gas inlet ports, and an RF source configured for impleimenting
vacuo surface preparation processes. The growth chambetwedge effusion cell ports to
accommodate multiple dopant materials, and dulaéam sources enabling -deposition of
silicon and up to four additional source materials. The entire system is under computer control,

enabling the development of automatechktigroughput, multwafer processing.

Similarl vy, idcledetive ALD aystemis,iboth of which are capable of handling
wafers up teight inchesn diameter. The Beneq TFS 200 ALD System is a high throughput, load
locked instrument. The growth aimber is equipped with inputs feix metal precursors, four
reactive process gases and two thermal reactive sources; also included is a specialized input for
Achall engingd precursors (e.g., s mAdtitionaltyuant it
the Beneq is equipped with an exchangeable chamber and gas distribution unit; thus, chambers can
be project or process specific, which will minimize contamination. The small volume of the growth
chamber allows for highly precise temperature control,thaglasma source in the Beneq ALD

is fully configurable, offering direct and remote plasma process capability. The Oxford OpAL
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ALD System has a growth chamber equipped with inputs for up to three precursor compounds and
six ports for reactive gases suchammonia and hydrogen. In addition to the growth chamber,
there is an integrated sample introduction glovebox that can hold and store multiple samples under

dry nitrogen

4 Examples ofDeploymentof 2D-doped Silicon Arrays

This section will describe the degment of deltadopedand superlatticelopedarrays for sub
orbital and groundbased observations. We will also describe selected industrial applications and
their relevance to NASA. Finally, we will describe several satellite missions currently under

formulation that have baselined 2idped arrays.

4.1 Deployments to Space v&ubOrbital Experiments

This section summarizes the suborbital flightDfdopeddetectors processed in our laboratory
including deltadoped and superlatticdoped architecturesA summary of the devices to be

discussed is given ihable4.1.

Table 41. Summary of completed and planned deployments ed@fed devices in suiwrbital payloads

Mission Device MFR Device Type Pixel Count | Pixel Size (mm)
HOMER EG&G N-channel CCD 512x512 27x27

LIDOS SITe N-channel CCD 1100x330 24x24
MICA-LEES | Loral Fairchild N-channel CCD 1024x1024 12x12

CHESS LBNL-DALSA High Purity P-channel CCD | 3508x3512 | 10.5x10.5
FIREBall-2 e2v EMCCDA 1024x2048" | 13x13

*Commercially available CCD201-20 devices are typically operated in frame transfer mode with
an image area of 1024x1024 active pixels.

AN-channel

4.1.1 HOMER Conventional N\channel CCD

The High-altitude Ozone Measuring and Educational Ro¢kEdPMER; launched August 1996)
was the third in a series okonemapping rocket experimentsanagedy the Colorado Space

Grant Consortiumlts primary objective was to determine the vertical distribution of the principle
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oxygen species related to ozone)(Chemistry including &, molecular oxygen (&), atomic

oxygen (O), and nitric oxide (N®) along the rocket trajectory to obtain an understanding of the

rate of Os productionas a function of altitude. In the first of the previous missions (1992), the
Colorado Student Ozone and Atmospheric Rocket used photoroettesed at 2688, 2959A,

and 4515A. For the secondmission (1994, the Cooperative Student High Altitude Rocket

Payload added a spectrometer witha %l2x2 pi xel CCD detector. For t
ultraviolet imaging spectrometena de measur ements of the -Eartho
265nm) usinga deltadoped CCD as the detect(fig. 41). This early demonstration of the
advanced UV sensitty provided by delta doping successfutBsulted in theneasurement of the

ozone caimn-concentration as a function of altitude. The ddib@ed CCD was key to the success

of the mission by its ability to detect and spatially register the faint UV signal from atmospheric

constituent4?
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Ozone Concentration over Wallops Island on August 12th, 1996
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Figure 4.1. (a) The HOMER detector, a 2@bped 0.25megapixel array. (b) Ozone concentration is shown as a
function of altitude based on data returned from the H
from HOMER#?

4.1.2 LIDOS: Conventional Nchannel CCD
Two bare(i.e., no AR coatingyectangulaf1100x330)deltadopedSITe CCDswere delivered to
Johns Hopkins Universit{JHU) for technology demonstration in the Leslf Imaging Dual
OrderSpectrograph (LIDOSY he deltadoped CCD was integrated into the LIDOS payfdadd
launched successfully aboard NASA sounding rockissions 36.208 and 36.243* Fixed
exposure time observations were made of theldght illuminating stars of th&rifid and Orion

nebulae on the two flightSThe detector is shown ifig. 42a. Thespectrum ofd Or i C (HD
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37022) from theOrion nebulae missiorB86.243 is shown inFig. 42b. The presencef a non

black hydrogen absorption profile in the HL216 transition, which is known to be highly
saturatedsuggestshe presence scattered visible light photons-lgaf) in the spectrograph. A
microchannel plate detector (MCP) was also included in the payload and exhibited a perfectly
black HII 1216 profile for this object. &vindowlesdamp, which produces fadV bremsstrahlung
continuum and line emission from electron impact on a tungsten target and residual vacuum gases,
was used to illuminate the lorgljt of the spectrograph to acquire simultaneous spectro/spatial flat

fields of the two detector3he comparisorsishown in Fig. £c.

Based orthesesideby-side comparisod at a, it was concluded that
combine the imaging performance and linearity of the CCD with the low background and photon
counting abi |*% Thig warkf coincitied weN @ith the maturation oMECD
technology and prompted our continuedrk towards the2D-doped EMCCD, as discussed in
further detail in Nikzad et al. 2016 and Sec. 41.8. should be pointed out that in most
astronomical spectroscopic applications, the wavelength selectivity of the spectrometer and stand
alone filter combination removes the red leak and enables the use of silicon detectors. However,
the finalhurdle in use of silicon as solblind far UV (FUV) detectors is currently being addressed

in in ongoing work at JPL as discussed in Sec. 3.3 and@n8.Hennessy et.&0153
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Figure 4.2. (a) Photograph of) the deltioped CCD in the payload. (b) Flight data from NASA/JHU 36.243*UG.
FarUV spectra of the centr al OBC)sasabtainedwittstiedlDOSodéltat h e
doped array. These daee used to constrain the properties of dust and molecules ingibstaiation regions (see,
e.g, France et al. 2005. (c) Spectrum of the electrampact lamp mounted in front ¢iie entrance aperture of the
spectrograph and peptocessing flat fields for the MCP (left) and CCD (right) on board LIDOS. Histograms of the
flat field variation are included at the bottom.

4.1.3 MICA-LEES:Conventional Nchannel CCD
TheMagnetospherdonosphere Coupling in the Alfven Resonator (MICA) heliophysics sounding
rocket mission incorporated a dettaped array as the science detector inatw EnergyElectron
SpectrometeLEES). The objective of this experiment was to invedtigthe role of active
ionospheric feedback in the development of large ampldutktscale electromagnetic waves
and density depletions in the low altitude (<4®d), downward current, auroral ionosphra

critical componenin understanding magnetospaéonosphere coupling.
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Deltadopeddetectos allow direct detection dbw-energy electronwithout the need fanigh
voltagespower supplies and can hesel at lower altitudes than possible with conventional
detectors(e.g., MCP9. For this applicationwe operated the imaging detector fiphotodiode
moded in which all of the outpusignalis added and read out as a cursgata low noise circuit,
digitized, and storedMICA had a successful launch with a functiond(ES. The LEES

experiment served theupose of demonstrating the successful flight and operationdefta

doped particle detectosee Fig. 4.

(@) (b)

(c) (d)
Figure 4.3. (a) MICA-LEES instrument and (iphotograph of the dekdoped CCLntegrated into LEES. This
device was produced early on with an unsupported, fthmaed membrandc) AfA f | a t image takéndvihhe
devicein response to protons and) & typical electron response of deviée
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