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Director’s LETTER

Director’s Letter

Q sis true for JPL as a whole, our goals at MDL are not modest. We aim
to harness the enormously powerful and rapidly advancing tech-

niques and tools for micro-and nanofabrication, in order to develop

innovative new devices and technologies that enable JPL and NASA to

carry out new missions, to perform new measurements, and ultimately

to expand the frontiers of science. It is enormously exciting to be able to

start with a good idea and to have a chance of enabling a project that will

make alarge impact, whether it involves learning
about the physics of the universe when it was only
1073% seconds old, characterizing molecular spe-
cies and their chemistry in Earth’s atmosphere,
or searching for signs of past or present life on
Mars. Our task is not easy: taking a technology
from zero to space ﬂight takes time, money, per-
severance, and above all, patience. A good recent
example is the development of efficient, low-power
infrared lasers for the Tunable Laser Spectrometer
instrument for the Mars Science Laboratory rover,
an achievement that was highlighted by the 2006
Ed Stone Award for Outstanding Research Pub-
lication to Rui Yang. And while we certainly do
not succeed with all of the ideas that we attempt,
nor do we expect to, it is remarkable to me how
often we do succeed. I hope you will agree after
reading this Report.

On October 27, 2008, MDL will be celebrating
its 20th anniversary. Two decades is a long time
in the fast-moving world of microtechnology, so
this anniversary represents an appropriate mo-
ment to reflect on MDL's history, its status today,
and its future.

Inhisspeech duringthe dedication ceremony
in October 1988, JPL Director Lew Allen explained
MDL’s genesis: “Just a little over five years ago,
NASA, meeting with members of the Caltech
Board of Trustees, requested that JPL consider
establishing a center of excellence in space micro-
electronics.” Indeed, this request came in July 1983

during a meeting of the Trustees’ JPL committee in
Washington D.C., from Burton Edelson, who had
been appointed as NASA’s Associate Administrator
for Space Sciences just a year earlier. Edelson’s
proposal was actually a response to a letter from
Mary Scranton, the chair of the Trustees’ JPL com-
mittee, asking Edelson whether there were new
areas, other than robotic exploration, in which JPL
could take on the lead responsibility for NASA.
Although initially he may have been somewhat
skeptical, Lew Allen became a strong supporter of
the concept and delegated the task of organizing a
new microelectronics program to Terry Cole, who
was JPL's Chief Technologist at the time. Cole
identified several initial research areas: photon
detectors, especially forinfrared and submillimeter
wavelengths; solid-state lasers; neural networks
and custom microcircuits; and parallel computa-
tion. The basic idea was to build the new program
on a base of activities that were already underway
at JPL and Caltech, such as John Hopfield’s work on
neural networks and Geoffrey Fox and Charles Seitz’
work on “hypercube” concurrent computation.
Cole’s initial program represented a combina-
tion of projects that would be done both at the
materials and device level, such as detectors and
lasers, and at the system level, such as parallel
computation. Device development required
a new cleanroom with sophisticated pro-
cessing equipment, so plans for the MDL fa-
cility were generated. By January 1987,
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Spiderweb bolometers designed

and fabricated at MDL. These

bolometers can detect very small

The

amounts of energy and convert
them to electrical signals.
y are currently the most sensi-

tive direct detectors for light in

the far-infrared to millimeter
wavelength range.

the Center for Space Microelectronics Technology (CSMT) had been
established with Carl Kukkonen serving as its Director, and construction of
the new NASA-funded MDLbuilding was started. With the recruitment of new
staff, acquisition and installation of the new device-processing equipment,
and completion of the building, the MDL was in full operation by 1990. Many
of the MDL activities that you will read about in the following pages can trace
their origins to the original program that Cole and Kukkonen put together.
Let’s fast-forward to 2007, a year that held a number of positive develop-
ments for the MDL. This 2007 Annual Report is actually the first time that
MDL has produced such a publication. In this Report, you can read about
the contributions to JPL and NASA that MDL has made and is continuing
to make. Throughout the 199os, MDL's work had been reported under the
CSMT umbrella in an annual publication entitled Space Microelectronics, but
that publication and GSMT itself disappeared as a result of management re-
structuring. Of course, MDL continued operating, but its management had
been decentralized and its groups were split across several sections at JPL.
This was reversed in 2007: I started my assignment in the new position of
MDL Director with Siamak Forouhar as my deputy, and the core MDL groups
were integrated into a single section under the management of Marty Herman
and Elizabeth Kolawa, as part of the overall reorganization of the Instruments
and Science Data Systems Division led by Tom Luchik. In addition to these
organizational changes, the MDL facility has enjoyed a number of upgrades
in 2007, both large and small. A signiﬁcant investment in new processing




equipment was made, as is described in more detail in the next section of
the Report. The lobby of the MDL building has been remodeled, and a large
mural depicting MDL's numerous contributions has been installed. Please
come have a look!

The future holds significant challenges, as dictated by our ambitions.
With the management reorganization accomplished and the renewal of the
equipment and facilities in progress, it is time to pay attention to MDL's
scientific staff. While we are fortunate to have exceptionally talented sci-
entists working at the MDL, a significant portion of the staff came to JPL
in the start-up phase around 1990, and as can be expected, there has been
significant attrition since then. Itis time to make a concerted effort to recruit
top-notch researchers to MDL, who will exploit our outstanding facilities to
develop new programs and thrusts, and who will stimulate the existing staff
and hopefully develop collaborations with them. We have started a new MDL
seminar series, inviting speakers from both outside and inside JPL to tell us
about new missions and their science goals, new micro-and nanotechnologies
under development, or even the nitty-gritty details of device processing. We
are also planning to invite a Visiting Committee to come to MDL in 2008. The
Committee will hear presentations about the work being done here and will
have in-depth individual discussions with our staff. We will ask the Committee
for their opinions and recommendations on how we might improve.

In closing, let me say that it is a distinct privilege to be able to work with
the excellent scientists at JPL and MDL on some very exciting projects, and to
have access to the wonderful facilities here. In return, my hope is to be able
to contribute in some small way to JPL’s success.

Jonas Zmuidzinas
Director, JPL Microdeyices Laboratory

Director’s LETTER
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Chief Technologist’s Statement

Under the leadership of JPL Director Dr. Lew Allen, the JPL Microdevices
Laboratory (MDL) was established in October 1989 as an integral component
of the Center for Space Microelectronics Technology (CSMT) program office.
Since then, MDL has provided end-to-end capabilities in support of design,
fabrication, and characterization of advanced components and sensors.
Research and development in MDL have made seminal contributions to the
national and international revolution in the technology of microdevices.

Today, MDL and its products provide novel and unique components and
subsystems responsible for advances that have enabled remarkable achieve-
ments in space and many other applications, in support of NASA’s mission
and other national priorities.

Under the leadership of Prof. Jonas Zmuidzinas, who was recently named
Director of MDL, and owing to the work and contributions of the talented MDL
scientists, technologists, and research staff, developments in novel detectors
are in progress. These hold the promise of further extensions of our ability
to peer into the far reaches of our solar system, our own and other galaxies,
and the very beginnings of our universe.

Paul E. Dimotakis
JPL Chief Technologist
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Division Manager’s Statement

During the last few years, JPL has made significant investments in its
Microdevices Laboratory (MDL), expanding its breadth and capability, and
enhancing its continued tradition of innovative microdevice and nanotech-
nologies. This investment enables leading-edge in situ planetary-science
as well as remote-sensing technologies targeting astrophysics, planetary
and Earth science observations that comprise the prime JPL mission.

This year, Professor Jonas Zmuidzinas accepted the position of Director
of the JPL Microdevices Laboratory, adding an important element in the
programmatic guidance of MDL. A recent reorganization has also brought
scientists and technologists relying on MDL into a single organization, the In-
struments and Science Data Systems Division. Working with Prof. Zmuidzinas,
we identified several upgrades that were implemented in FY2007, with plans
in place for additional future capability upgrades.

As the JPL MDL enters its 20th year of operation, we look forward with
high expectation for continued innovation and invention in our microde-
vice and nanotechnologies that will enable a continuation of JPL's record
of unprecedented discovery in pursuit of its prime mission and its unique
contributions to various projects of national interest.

Asyouwill read in this Report, it has been a busy and productive year for
the MDL. I am looking forward to the continuation of JPL's development of
new technologies that will bring tomorrow what we can only imagine today.

sl

Thomas S. Luchik
Manager, Instruments and Science Data Systems Division
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THE M1cRODEVICES LABORATORY: INFRASTRUCTURE AND CAPABILITIES

M icrodevice fabrication requires sophisticated equipment for the
deposition, etching, and patterning of device layers, and must generally

be done in a very clean environment to avoid defects and contamination.

As a result, it is highly desirable to co-locate such activities, to allow ex-

pensive equipment to be shared, and to spread the maintenance burden

over a larger base of activity. JPL is fortunate to have an excellent facility,

the Microdevices Laboratory, which was constructed in the late 1980s and

islocated in building 302 at JPL. The heart of MDL
is a 13,000-square-foot cleanroom that is used by
over 70 research scientists.

While industrial “fabs” are usually designed
for mass production of devices using a standard
process, the MDL is much more flexible, allowing
research, development, and small-scale production
of averybroad range of devices. The MDL functions
as a multi-user and shared equipment facility that
is open to all JPL personnel; MDL access for users
from outside institutions can also be arranged.
The MDL Central Processing Group, led by James
Lamb, is responsible for operational safety, facility
maintenance, and installation and maintenance of
shared-use equipment. This group is supported by
MDL users through access fees and special equip-
ment usage fees, and is also directly supported by
JPL institutional funds.

The MDL cleanroom is divided into various
zones according to cleanliness standards, ranging
from class 100,000 for the rooms housing epitaxial

Left: UHV Sputtering Systems for deposition of high-quality
metals and dielectrics. Right: Newly purchased ultra-high-
vacuum (UHV) electron beam for metal evaporation.

deposition systems, to class 10 for the lithography
area. The MDL contains over 130 individual pieces
of processing equipment, including systems for UV
contact and projection lithography, electron-beam
lithography, materials growth and deposition, wet
and dry etching, thermal processing, and optical,
structural, and electronic characterization. Much
of the equipment is available to all MDL users on a
shared basis; however, some equipment is dedicated
to individual groups.

Continuous investment in MDL's processing
equipment is essential. The equipment for micro-
and nanofabrication continues to develop at a very
rapid pace, driven primarily by the semiconduc-
tor industry, and the timescale for obsolescence
is short. As a result, in some cases MDL is able to
acquire previous-generation production equipment
at a substantial discount; a good example is MDL's
primary photolithography tool, the Canon EX3
deep-UV projection lithography system capable
of 0.25-pm resolution. However, because the MDL

Microlithography 4 Module Cluster Cassette-to-Cassette Spin/
Developer system.
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focuses onunique devices for space applications rather than the mass production
of commodity chips, production equipment is not always suitable — MDL equip-
mentis often smallerinscale, and may be custom built for specific requirements.
The dedicated ultra-high-vacuum (UHV) sputtering systems used to deposit
superconducting films are examples of the latter category. Additional details
on MDL's equipment complement may be found in Appendix A.

2007 Highlights

Driven primarily by the need to produce large detector arrays, a major theme
for MDL equipment upgrades for the past several years has been to develop
the capability for processing 150-mm (6-inch) diameter wafers, instead of the
75-mm or 100-mm-diameter wafers now in typical use. Several new 6-inch-
capable systems were installed and brought into operation in 2007, including
systems for the deposition of metal and dielectric films by UHV sputtering,
and a system for low-pressure chemical vapor deposition (LPCVD). The
LPCVD technique may be used to grow a variety of films at relatively high
temperatures, such aslow-stress silicon nitride. In addition, a carbon nanotube
furnace and a xenon difluoride (XeF)) etcher were installed in 2007. Finally,
MDL’s primary photolithography system, the Ganon EX3, was upgraded by
adding a new reticle library.

A number of equipment items providing enhanced capabilities were
specified and purchased in 2007, and will be installed in 2008:

1. AUTOMATED PRECISION PHOTORESIST PROCESSING of 75-mm (3-inch) to 200-mm
(8-inch) diameter wafers [SUSS MicroTech Inc., Gamma Microlithography
4 Module Cluster Cassette-to-Cassette Spin/Developer].

2. INDUCTIVELY COUPLED PLASMA-ENHANCED CHEMICAL VAPOR DEPOSITION
(ICP-PECVD) for the deposition of a variety of high-quality dielectric films
at relatively low temperatures [Oxford Instruments, Plasmalab System 100
Advanced ICP 380 HD PECVD].
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3. aAToMmIC LAYER DEPOSITION (ALD) for producing extremely thin, uniform,
conformally-coating films [Oxford Instruments, Plasmalab 8o OpALL.

4. INDUCTIVELY COUPLED PLASMA REACTIVE 10N ETcHING (ICP-RIE) for
I1I-V compound semiconductor devices [Oxford Instruments Phoenix ICP
Chlorine RIE].

5. ELECTRON-BEAM EVAPORATOR dedicated for III-V compound semiconductor
devices [Temescal BJD / FC-2000].

6. INDIUM EVAPORATOR for large wafer bump-bonding [Denton Infinity 22].
7. SEMICONDUCTOR PARAMETER ANALYZER [HP Agilent 41550].

8. wer BEncH for RCA cleaning of 150-mm (6-inch) diameter wafers, with
rinser-dryer.

9. 150-mm (6-INGH) CAPABILITY UPGRADE for superconductor sputtering system.

10. sUBKELVIN, high-throughput cryogenic test facility for superconducting
materials and device testing.

11. PROXIMITY CORRECTION sOFTWARE for MDL's JEOL JBX-9300FS electron-
beam lithography system [GenISys Layout BEAMER].

In addition to the equipment investments, several facility upgrades were
undertaken. These include providing better humidity control in the clean-
rooms, which is necessary for reproducible photolithography; providing
increased lighting levels of the lab; replacement of the roof; installation of a

50-kW photovoltaic system; replacement of the security monitoring system; |, Electron-beam lithography
and replacement of the obsolete toxic gas monitoring system. Looking ahead,  system. Right: MDL's toxic gas
monitoring system was replaced in
2007 with anew Honeywell Ana-
to the process equipment. lytics Zellweger Vertex 72 System.

a design was completed for upgrading the system that provides cooling water
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INFRARED DETECTORS Usine ENGINEERED COMPOUND SEMICONDUGTORS

@f the many remarkable fabrication techniques in daily use at
the MDL, molecular-beam epitaxy, or MBE, is perhaps the most
amazing. Invented in the late 1960s by Alfred Cho at Bell Laborato-
ries, MBE allows the growth of crystalline samples with extremely

precise control, so that structures can be built up a single atomic

layer at a time. The MBE technique is applicable to a wide variety of

compound semiconductors (those composed of elements from rows

III and V in the periodic table, or I1-VI) including binary and ternary

materials such as GaAs, Al Ga_As, In Ga _As,
Ga In__Sb, InAs, etc. This flexibility, along with
atomic layer control, allows MBE production
of semiconductor materials that are precisely
tailored and optimized to match demanding
applicationrequirements —a method often called
“bandgap engineering.” Furthermore, these
exotic layered materials can often be grown on
industry-standard wafers such as GaAs that are
available in large sizes and at low cost. One of the
major application areas being pursued at MDL
is the use of these materials for infrared detec-
tion. At present, most infrared detectors rely

on a bulk semiconductor such as Hg Cd _ Te that

has an electron bandgap small enough to allow
the absorption of low-energy infrared photons.
While excellent performance can be obtained,
issues and problems persist, such as detector
uniformity, maximum wavelength, maximum
array size, manufacturing yield, and especially
cost. These factors continue to motivate the work
being done at MDL. Furthermore, while sensitive
far-infrared detector arrays are badly needed for
future astrophysics missions such as SAFIR, the
production of large arrays for wavelengths beyond
3o pm remains a long-standing problem. A new
device concept currently under development,
called QWISP, may provide a solution.

MDL's MBE system for compound semiconductors.
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MDL scientist Cory Hill,
master of MDL's I11-V
MBE system.
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Current Projects

1. QUANTUM-WELL INFRARED PHOTODETECTORS (QwIrs): QWIPs were proposed
and developed starting in the early 1980s. The concept is straightforward:
electrons are trapped in a shallow potential well —the quantum well — created
by bandgap engineering, but may escape the well by absorbing infrared pho-
tons, thereby becoming mobile carriers of electrical current. Work at MDL
is focused on producing large-format arrays in the 1-16 megapixel range,
and on integrating additional functionality, such as multicolor operation or
polarization sensitivity. The III-V materials growth and processing technology
used to produce QWIPs is relatively mature. As a result, these arrays show
extremely high pixel-to-pixel uniformity, high pixel operability, and low 1/f
noise as compared with II-VI bulk semiconductor sensors such as HgCdTe.
Often pixel-to-pixel non-uniformity is the most dominant noise componentin
large-format imagingarrays; thus, a QWIP can meet <15 mK thermal sensitivity
for many terrestrial imaging applications due to its high uniformity.

2. SUPERLATTICE INFRARED DETECTORS: Superlattices are engineered periodic
structures made of alternating material layers, usually grown by MBE.
Although the use of “type II” GalnSh/GaSb superlattices for infrared de-
tection was proposed 20 years ago by Christian Mailhiot and Darryl Smith
(who worked together at Caltech in the mid-1980s), there has been a recent
resurgence of interest in these devices. Mailhiot and Smith predicted that
the performance of properly designed superlattice detectors could rival or
surpass HgCdTe. That’s the theory — but in practice, progress was limited
by the challenge of growing high-quality superlattices. But now, with im-
proved materials such as those being produced by MDL's new third-generation
Veeco MBE system, this predictionis starting to become reality. Furthermore,
as opposed to QWIPs, superlattice detectors exhibit strong absorption for
normal-incidence radiation, simplifying detector design and enabling
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improvements in quantum efficiency. Furthermore, MDL's MBE system is
capable of processing 100-mm wafers, allowing array formats up to 16 mega-
pixels to be produced.

3. QUANTUM DOT INFRARED PHOTODETECTORS (QDIPS): One of the challenges for
QWIP detectorsis the fact that they do not absorb normal-incidence radiation,
and therefore require a grating structure to scatter the photons sideways to
achieve absorption. Another approach forimproving the absorption efficiency
is to break the in-plane translational symmetry of the quantum well that
prevents normal-incidence absorption. This can be done by modifying the
epitaxial growth to produce small separated nanoscale islands of material
known as "quantum dots” instead of continuous crystalline layers, result-
ing in QDIPs instead of QWIPs. QDIPs thus share the fabrication advantages
enjoyed by QWIPs but should offer better sensitivity.

4. QUANTUM-WELL INTERSUBBAND PHOTODETECTORS (QwisPs): Thisis an exciting
new concept for far-infrared detectors (50—300 pm) using quantum wells. The
structure is very similar to a QWIP, except that the quantum-well layers are
grown with very high doping. While there are several other benefits resulting
from the high doping, one effect is especially important: momentum scatter-
ing by the dopant impurities allows strong absorption of normal incidence
radiation. Combined with the use of QWIP-like manufacturing techniques
and multiplexed readouts, large arrays should be possible. This would be a
tremendous advance compared to today’s state of the art of labor-intensive,
hand-crafted, highly mechanically stressed, individually assembled Ge:Ga
detectors such as those now used in the MIPS instrument on JPLs infrared
space observatory, the Spitzer Space Telescope. The next step is to turn theory
into practice!

InAs Ga(In)Sh

— p—— [

Conduction
miniband

wnmmnnn Ey

Heavy-hole
miniband [

Schematic band diagram of a superlattice. This diagram shows the alternating layer struc-
ture of a superlattice in schematic fashion. The unusual relative alignment of the valence

and conduction energy bands in InAs and Ga(In)Sb allows the formation of two “minibands”

with a small energy separation — perfect for long-wavelength infrared detectors.
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A selection of QWIP arrays,
clockwise, starting at the
lower left: 640 x 512 single

band, 320 x 256 dual band, 2007 Highlights

1024 X 1024, single band,

1024 x1024 dualband.  qwrps: Techniques for fabricatinglarger QWIP arrays continue to be developed.
These techniques, while demonstrated using QWIPs, are also applicable to
other detector types — QDIPs, QWISPs, etc. For example, the fabrication of a
1Kx 1K dual-band (4 and 9 pm) array required the development of a technique
to combine multiple exposure fields of MDL's photolithographic stepper — a
technique that opens the path to 2K x 2K and 4K x 4K arrays. Another new
development is the demonstration of polarized QWIP pixels. These devices use
abuilt-in1D grating structure to scatter only one polarization of the incoming
radiation sideways, while the other polarization remains at normal incidence
and is not absorbed. The megapixel QWIP focal planes have shown 100% pixel
operability and extremely high pixel-to-pixel uniformity (99.99%).

SUPERLATTICE DETECTORS AND ARRAYS: A major advancement was the
demonstration of a 256 x 256 long-wavelength (11 pm) superlattice array.
In addition, excellent results for individual superlattice detectors were pub-
lished, showing a peak quantum efficiency of 30% and broad response in the
6—12 pmrange, as well as aroom-temperature quantum efficiency of over 60%
in the 2—3 pm range. These results indicate that superlattice detectors offer
the highest potential for uncooled planetary instruments operating in the
mid-infrared (3—5 pm) wavelengths, and should also be a strong competitor
for long-wavelength (14, pm) low-background applications.
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opn1ps: JPL made the first demonstration of a large, long-wavelength QDIP ar-
ray — a 640 x 512 array operating at 8 pm. These results were published along
with measurements of individual detectors, which showed that the QDIP re-
sponse to normal-incidence radiation is indeed much higher than for QWIPs.
The quantum mechanics of radiation absorption in QDIPs was also analyzed
theoretically in a separate paper. Future work will focus on improving the
measured quantum efficiency (around 20%) by optimizing the growth of the
QDIP layers.

owispes: A theoretical paper describing the QWISP concept and performance
calculations was published in Applied Physics Letters. These results show that
QWISPs could potentially be used out to very long wavelengths, 300 pm or
beyond.

Superlattice
Cross-Section

- 10periods of |
—InAsfGaSh |

GaSb buffer

Above: An electron microscope
image of the alternating layers
in a superlattice. Below: An
image from JPL's first 256 x 256
superlattice array.
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ApvaNcEp ULTRAVIOLET, VISIBLE, AND NEAR-INFRARED IMAGERS

.II igh-performance imaging at ultraviolet (UV), visible, and

near-infrared (IR) wavelengths is fundamental for space science.
The applications span an enormous range, from measurements of the
newly discovered but quite mysterious “dark energy” pervading the uni-
verse to studies of planetary atmospheres and even life detection. Silicon
imaging devices dominate at visible wavelengths, and can be found in digital
cameras, webcams, cell phone cameras, etc. Their development traces
back to 1969 when the silicon charge-coupled device (CCD) was invented

at Bell Laboratories. The GCD quickly caught
NASA’s interest since planning for a space tele-
scope (to become the Hubble Space Telescope, or
HST) was underway. JPL guided the development
and refinement of GCCD technology, resulting in
JPL's Wide Field / Planetary Camera (WE/PC) for
HST. Several MDL staff served ona JPLTiger Team
in the late 1980s to investigate a problem that
had arisen with WF/PC’s UV response. This led
to a very clever solution proposed by Dr. Frank
Grunthaner and later demonstrated by a JPL team
including Drs. Paula Grunthaner and Michael
Hoenk. This solution, known as "delta-doping,”
is unique to JPL and uses the molecular-beam
epitaxy (MBE) atomic-layer growth technique
(see the Infrared Detector section) to place a
dense layer of charge just below the silicon sur-
face. The UV photons are absorbed very near the
surface, and the buried charge layer prevents the

Current Projects

photo-produced charges from being trapped at
the surface and thereby escaping collection and
detection. Delta-doping also offers consider-
able performance benefits across the entire UV
to near-IR spectrum. For example, delta-doped
devices are exceptionally uniform and stable, and
have extremely low dark currents.

Building onthe experience with delta-doping,
similar epitaxial non-equilibrium techniques are
now being applied to silicon, gallium nitride, and
other material systems to alter the electronic band
structure, interface structures, and to form quan-
tum dots. In addition, wafer thinning and bond-
ing techniques are used to create devices with
unusual mechanical structures or properties.
Examples include solar-blind UV imagers, de-
vices with voltage-tunable wavelength response,
flexible imagers for curved focal planes, and even
silicon-compatible infrared detectors.

1. DELTA-DOPED IMAGERS have substantial performance advantages for astrophysics and cosmology, as
demonstrated through our work with the Lawrence Berkeley National Laboratory’s (LBNL) Supernova
Acceleration Probe (SNAP) project. SNAP is aleading contender for the upcoming Department of Energy
(DOE)/NASA Joint Dark Energy Mission. In addition to providing the exceptionally broad UV to near-IR
spectral coverage needed for SNAP, the use of delta-doped CCDs also streamlines the fabrication process
significantly — a key benefit for SNAP’s gigapixel focal plane. Another mission opportunity is the ISTOS
Small Explorer concept being proposed by Caltech and JPL to study the large-scale structure of the uni-
verse — the “cosmic web.” Delta-doped CCDs with an integrated gain register that allows UV photon

17
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counting are currently baselined for ISTOS. Delta-doping is not restricted
to CCDs — megapixel delta-doped back-illuminated CMOS arrays hybridized
with a custom readout circuit have been demonstrated at MDL, and shown to
have improved efficiency and enhanced spectral response.

2. GaN proTOCATHODES: Solar-blind UV imaging is often required, but this
is difficult to accomplish with silicon devices. Cesiated photocathodes have
been used but are unreliable and cannot be exposed to air. At MDL, robust
GaN materials and MBE techniques are being applied to develop Cs-free
solar-blind photocathodes.

visible photons UV photons

Schematic of a low-voltage
electron bombarded array

featuring a delta-doped AlGaN
array for low-energy electron B A Photocathode
detection, Cs-free photo- Electric
cathode, and novel low-noise Field Insulator
operation for proximity
focus configuration. Delta Doped
Array

3. GaN arravs: Another approach to solar-blind UV imaging is to fabricate
detectors using large-bandgap semiconductors such as gallium nitride and
its alloys. Our interface-engineered p-i-n GaN detector design achieves high
quantum efficiency and low leakage, and the detector array can be hybrid-
ized with a commercially available CMOS readout to produce a complete
large-format imager.

Schematic of an interface- n-type
engineered GaN pin detector delta layer
—

structure featuring a thin
AIN window grown directly
on sapphire or GaN.

Sapphire or thinned GaN substrate

[ I

Incident Radiation




ApvaNcEp ULTRAVIOLET, VISIBLE, AND NEAR-INFRARED IMAGERS

4. WAVELENGTH-TUNABLE DETECTORS enable the construction of spectrometers
with substantially reduced weight, size, and complexity. Anew type of detector
is under development, based on electron barriers fabricated from layered
dielectric materials. The voltage-tunable potential barrier provides energy
selectivity for collection of photoelectrons, and therefore an adjustable
wavelength response.
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5. NEAR-IR DETECTORS: Current low-bandgap (HgCdTe) infrared imagers must
be mated to a separate silicon-based readout circuit, substantially increasing
cost and complexity. However, low-bandgap SnGe thin films can now be grown
onsilicon substrates at the MDL using MBE techniques, opening new options
for monolithic, low-cost, large-format silicon-based imagers for the 1—5 Um
wavelength range.

2007 Highlights

1. pELTA-DOPED GCDs: The first large-format, delta-doped CCD was
demonstrated. This 8-megapixel, 2k x 4k device had excellent performance
characteristics: high efficiency, excellent uniformity, high resolution, and
low dark current. A collaboration with LBNL and Lick Observatory resulted
in the first galaxy image obtained with this device.

2. CURVED FOCAL PLANE ARRAYS: The firstimages were obtained with our thinned
variable curvature arrays.

3. WAVELENGTH TUNABLE DETECTORS: Control of barrier height and a tunable
wavelength response were demonstrated using layered ITII-N heterostructure
detectors. External quantum efficiencies of over 12% have been achieved,
two orders of magnitude better than previous work. Sensitivity in both visible
and UV bands has been achieved in a single device, and growth on silicon
substrates has been demonstrated.

4. NEAR IR DETECTORS: Single-crystal SnGe films 200—300 nmthick containing
up to 11% Sn have been grown by MBE on silicon wafers, as well as prototype

Schottky detector structures.
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{Submillimeter Devices

A mock-up 530—590 GHz
?' receiver front-end chain .
for the Submillimeter Line Ui
Spectrometer instrument

(SLS) on the Vesper mission.
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SUBMILLIMETER DEVICES

T he Submillimeter-Wave Advanced Technology (SWAT) group

develops technologies and instruments for remote sensing in

the submillimeter wavelength band. There are numerous opportu-

nities for submillimeter space instrumentation in Earth science,

planetary exploration, and astrophysics. In fact, the SWAT group has

already contributed mission-enabling flight hardware for several

major projects, including the Earth Observing System (EOS)

Microwave Limb Sounder (MLS) for studying the chemistry of Earth’s

atmosphere; the Microwave Instrument for
the Rosetta Orbiter (MIRO), for examining the
molecular species in the gaseous coma of comet
Wirtanen; and the "HIFI” heterodyne instru-
ment for the Herschel Space Observatory, a sub-
millimeter astrophysics mission. In addition,
there are ground-based spin-off applications.
The submillimeter band is quite difficult from
a technology standpoint since the frequencies
are generally too high for semiconductor elec-
tronic devices, while the wavelengths are too
long for semiconductor photonic devices. This is

200-GHz high-power multiplier chip (JPL).

the so-called "terahertz gap.” The MDL therefore
plays an especially critical role, providing a fa-
cility for fabricating devices that are specifi-
cally designed and optimized for submillimeter
operation. For example, JPLhas pioneered submil-
limeter solid-state frequency sources and radio
receivers, and now holds world records for power
produced, efficiency, bandwidth, and frequency.
The secret? Highly optimized GaAs Schottky di-
odes on very thin silicon nitride membranes us-
ing submicron anodes defined by electron-beam
lithography.

ae860
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1200-GHz MEMS nanoklystron cavity (JPL).
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600-GHz balanced

waveguide mixer.

Current Projects

1. VESPER is a Discovery-class mission with the goal of studying the
atmosphere of Venus in detail. One of VESPER’s key instruments is the Sub-
millimeter Line Spectrometer (SLS), an instrument tunable over the 440—500
and 530—590 GHz bands.

2. A GLOBAL ATMOSPHERIC CHEMISTRY MIssioN (cacm) was endorsed in the
NRC decadal survey and could include a submillimeter instrument, the
Scanning Microwave Limb Sounder (SMLS). Very sensitive superconducting
(SIS) mixers for the 180—280 GHz and 560—680 GHz bands are being
developed for SMLS.

3. SCHOTTKY DIODE balanced fundamental mixers for the 5oo—600 GHz range
are under development for a future Mars atmospheric sounder.

4. BUILDING ON PIONEERING WORK FOR HERSCHEL/HIFI, a small explorer (SMEX)
astrophysics mission is proposed to study the bright galactic emission lines
of ionized nitrogen at 1.46 THz and ionized carbon at 1.9 THz.

5. HOT-ELECTRON BOLOMETER (HEB) RECEIVERS: A small effort is devoted to
developing waveguide-based superconducting hot-electron bolometer (HEB)
receivers, also for the SMEX project.

6. TERAHERTZ IMAGING: Thisis a Navy-funded effort to develop the technology
for detecting concealed weapons or contraband from standoff distances
exceeding 20 meters. Active imaging (radar, in other words) at terahertz
frequencies is attractive because the corresponding submillimeter wavelengths
are short enough to provide high resolution with modest-sized antennas, yet
long enough to penetrate materials such as cloth or cardboard.




SUBMILLIMETER DEVICES

2007 Highlights

SCHOTTKY DIODE MIXERS: The JPL-developed Monolithic Membrane Device
(MoMeD) process for GaAs Schottky diodes allows chip-level integration of
various features for increased functionality without sacrificing performance.
Subharmonic mixers covering the s3o—590 GHz range were demonstrated with
sensitivities better than 5ooo K. Novel balanced fundamental mixers have
also been demonstrated, with sensitivities below 4000 Kin the 530—590 GHz
range and with less than 2 mW of required local oscillator power. These
mixers are baselined for missions to Venus and Mars.

ACTIVE SUBMILLIMETER-WAVE IMAGING: A complete 600o-GHz active imaging
radar system was developed and demonstrated with 3D resolution better than
1 cm from a distance of 4 meters. The key components are MoMeD-based
solid-state frequency sources with high transmit power, and low-noise mixers
for sensitive detection. Proposals are now being developed for applications in
planetary exploration, as a radar/spectrometer for trace-gas detection in situ
on Mars or remotely on thin-atmosphere moons such as Europa.

COMPACT SUBMILLIMETER-WAVE SOURCES: New performance records for solid-
state frequency sources continue to be set. In 2007, a200—270 GHz frequency
tripler with 13 mW output power was demonstrated. Also, in a collaboration
with the Université Pierre et Marie Curie in Paris, broadband sources at
3oo GHz and 9oo GHz were demonstrated with output powers of 22 mW and
600 pW, respectively.

SIS RECEIVERS FOR STUDYING GLOBAL ATMOSPHERIC CHEMISTRY: A180—280 GHz
SIS receiveris under development for GACM/SMLS using SIS devices fabricated

he MDL accordi design developed at Caltech. These devices have - o° 950 Utz irequency
at the according to a design developed at Galtech. ese devices have source, using an MDL-pro-
world-class sensitivity and a very broad (>18 GHz) instantaneous bandwidth. duced MoMeD.

.
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-
The millimeter-wave MKID
camera demonstrated at the
CSO in April 2007.




SUPERCONDUCTING DEVICES

or applications that demand extreme sensitivity, such as space

astrophysics, it is often necessary to cool detectors to very low
temperatures in order to reduce noise. At these low temperatures,
superconducting devices offer unique capabilities and performance
advantages. The Superconducting Materials and Devices group at
JPL has a 23-year history of developing superconducting devices for
space applications. Initially the group focused on developing tunnel

junction (SIS) mixers for high-resolution sub-
millimeter spectroscopy, which involved a close
collaboration with Caltech and culminated in the
delivery of 1.2-THz SIS mixers for the HIFI instru-
ment on board the Herschel Space Observatory
(a European Space Agency mission, 2008 launch).
These are the highest frequency SIS mixers ever
produced, worldwide. The group has now broad-
ened its scope and is developing sensors for a broad
range of applications, including photon detection

25

Left: An optical photograph of a superconducting nanowire single
photon detector (SNSPD). Above: A scanning electron micrograph
of the active area. This detector is 5 by 5 microns square with o.10

from millimeter to x-ray wavelengths. For example,
there is a substantial effort to develop large-format
polarimetric millimeter-wave detector arrays for
measuringthe polarization of the cosmic microwave
background (CMB). The ultimate goal is the “CMB-
pol” space mission, which will study the mysterious
“inflation” that occurred in the very early universe.

Other interesting non-sensor applications of su-
perconducting devices are also emerging, such as
quantum computing.

SEI 10.0kV 1pm WD 4.5mm

micron wide wires on 0.2 micron spacing. The yellow material is a gold
coplanar waveguide that carries the bias current and output signal.
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The Herschel
Space Observatory.

Current Projects

1. SIS MIXERS: see the Submillimeter-Wave Devices section.

2. TES BOLOMETERS: Transition-Edge Sensors (TESs) use superconductors to
sense the very small temperature changes that occur in bolometric detectors
when incomingradiation is converted to heat. TES bolometers are monolithi-
cally integrated with filters and antennas to produce millimeter-wave polari-
metric focal plane arrays for cosmology experiments such as the Caltech/JPL
SPIDER balloon project. TES arrays are also being developed for future far-
infrared astrophysics missions such as SAFIR (Single Aperture Far-Infrared
observatory), JPL's CALISTO concept, or the BLISS instrument proposed by
JPL for the Japanese mission SPICA. The TES bolometers are replacing MDL/
JPL's hugely successful “spider-web” semiconductor bolometer technology.
The spider-web bolometers have had a huge impact on cosmology. For example,
the Boomerangballoon experiment showed that the geometry of the universe
is flat — a historical milestone in cosmology. The spider-web bolometers will
be flying on ESA’s Planck and Herschel missions.

3. Mk1Ds: the Microwave Kinetic Inductance Detector (MKID is a device in-
vented at JPL and Caltech, and is being developed for photon detection from
millimeter to X-ray wavelengths. Compared to other superconducting detec-
tors, MKIDs are much simpler to fabricate and to assemble into a system,
potentially allowing very large arrays to be developed for a broad spectrum
of future astrophysics missions.

4. sNspD: Superconducting Nanowire Single Photon Detectors (SNSPDs) are
high-speed, high-efficiency single-photon detectors operating in the near-
infrared that are needed for future space-to-ground optical communication
links.

5. QUANTUM coMPUTATION: While extremely challenging technologically,
quantum computation offers exponential speed-up for certain tasks, such

as the many combinatorial optimization problems that pervade JPL’s efforts




in mission planning and engineering design. Quantum computation may be
possible using superconducting circuits, and some experimentsinthisareaare
in progress at MDL. In addition, since May 2005, JPL/MDL has collaborated
with a small company, D-Wave Systems Inc., that hopes to commercialize
quantum computing using a unique "adiabatic” approach.

2007 Highlights

TES: Prototype polarimeter arrays have been designed, fabricated, and tested
that now meet the requirements for the Caltech/JPL SPIDER balloon project.
These arrays include a new on-chip antenna design with a 13-degree beam
width and less than 3% cross-polarization. Results obtained this year also
show that far-infrared TES bolometers could approach background-limited
sensitivity for imaging and spectroscopy in space, and prototype 32 x 64,
far-infrared TES imaging arrays were fabricated.

MKID: A prototype 4 X 4 pixel, two-color millimeter-wave MKID camera was
designed, constructed, tested, and successfully demonstrated at the Caltech
Submillimeter Observatory (CSO) in April 2007. In a Caltech/Colorado/JPL
collaboration, NSF funding for a 24 x 24,, four-color CSO camera was obtained.
Thisis also a prototype instrument for the proposed 25-m CCAT telescope. An
MKID-based optical imager with energy resolved photon countingis also being
prepared for the 5-m Palomar telescope. The detector design was described in
a 2007 paper in Applied Physics Letters and has significant potential for future
planet finding (TPF-C) and UV/X-ray astrophysics missions. New funding for
this work was recently awarded by the NASA/APRA program.

snsep: In2007, SNSPD devices fabricated at MDL demonstrated world-record
performance, with a 9o% quantum efficiency for 1064-nm radiation, 25-ps,
single-photon timing jitter and a dark count rate below 1 kHz, making them
ideal for high-data-rate communication.

QUANTUM coMPUTATION: In February 2007, D-Wave announced its “Orion”
processor, a 4 x 4 qubit array fabricated at JPL/MDL, and demonstrated its
application to three problems.

SUPERCONDUCTING DEVICES

Left: A conceptual picture of
the instrument package for the
SPIDER balloon-borne CMB
polarimetry mission. Each of
the six telescopes looks at a
different wavelength band.
Right: A polarimeter "tile”
with 64 pixels and 128 TES
bolometers fabricated in MDL.
Multiple tiles are required to
fill the focal planes.






SEMICONDUCTOR LASERS

emiconductor lasers were first demonstrated in the early 1960s
and now have very widespread applications in commerce and

science. NASA has a particular need for tunable infrared lasers,

which are used for in situ high-resolution spectroscopy. In this tech-

nique, trace molecules in Earth’s atmosphere or the atmosphere of

another planet may be precisely identified and studied by measuring

their infrared absorption spectrum. Such measurements can reveal a

wealth of information about the atmosphere: its composition, chemistry,

evolution, and winds. However, tunable infrared
lasers with the characteristics needed for a par-
ticular measurement or mission are often not
available commercially, and so a development
activity was formed at MDL in the early 199o0s.
Early accomplishments included the development
of the first semiconductor laser in the 1.8—2.1 pm
range, which was delivered (Mars '98 mission) for
the Mars Volatiles and Climate Surveyor (MVCS)
payload to the Mars Polar Lander project. Spec-
troscopy in the mid-infrared (3—10 pm) is particu-
larly powerful since the fundamental vibrational
transitions of many molecules fall in this range.
However, as is the case for infrared detectors,
making a semiconductor laser that operates ef-
ficiently at these long-infrared wavelengths can
be challenging. The earliest devices (mid-1960s)
used exotic low-bandgap lead-salt semiconduc-
tors and required low cryogenic temperatures to
operate —a severe limitation for a space project.
While the lead-salt devices were used by JPL in
atmospheric balloon-borne instruments, a much
better solution appeared in 1994, when a new la-
ser operating at higher temperatures was dem-
onstrated by a group at Bell Laboratories — the
quantum cascade laser (QCL). AQCL relies on the
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same epitaxial growth techniques that are used for
infrared (QWIP) detectors. An even better solu-
tion was proposed in199s, the interband cascade
laser (ICL), but, like the superlattice infrared
detectors, this device requires use of trickier
materials (AlSb, GaSb, InAs) instead of the
standard AlGaAs/GaAs, so the initial progress
was slower. However, since 2002 a strong effort
was made at MDL that led to the successful de-
velopment of mid-infrared ICL devices. MDL's IC
lasers have now been integrated into laser spec-
trometers and used in JPL aircraft and balloon
experiments for measuring atmospheric HCland
CH, profiles. In addition, the development of
3.27-pm IC lasers for detection of the isotopes
of methane proved to be an important factor for
the selection of a JPL instrument, the Tunable
Laser Spectrometer (TLS), on the Mars Science
Laboratory (MSL). MSL is a Mars rover mission
scheduled to launch in the fall of 2009 that will
assess whether Mars ever was, or is still today,
an environment able to support microbial life.
The methane and carbon dioxide measurements
provided by the TLS instrument will add unique
and essential information needed to answer this
fundamental question.
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The optics assembly for the Tunable
Laser Spectrometer instrument for
the Mars Science Laboratory mission.

Current Projects

“© With the delivery of the space-qualified 3.27-pm lasers for TLS, JPL is
- currently the world leader in 3—5 pm tunable semiconductor lasers. The TLS
IC lasers are single mode with output powers of 1—2 mW. Our current em-
phasis is to increase the output power by an order of magnitude to enable
Quartz Enhanced Photo-Acoustic (QEPA) spectroscopy. A second thrust is
to extend the wavelength coverage of IC lasers to 3.53 pm for the detection of
H CO (formaldehyde), HCI, and HCN as combustion products.




2007 Highlights

1c Laser MopuLEs were successfully delivered for integration into the
TLS/MSLinstrument. These distributed-feedback, single-mode ICLs were
hermetically sealed and thermoelectrically cooled.

PROGRESS ON THE TLS INSTRUMENT is illustrated by a quotation from Chris
Webster, the Principal Investigator for TLS: "...the awesome accomplishment
of actually having a JPL/MDL flight IC laser installed in TLS producing great
output power after the cell, aligned to the right number of passes, scanning
exactly over the methane target region of CH and *CH  lines, and showing
the expected line absorption levels. Wow.” (July 27, 2007)

ED STONE AWARD RECIPIENT: RuiYang, who originally proposed the ICL concept
in199s5, was arecipient of the 2006 Ed Stone Award for Outstanding Research
Publication, for an Applied Physics Letters paper describing his MDL team’s
development of ICL technology for MSL/TLS.

SEMICONDUCTOR LASERS

A hermetically sealed,
space-qualified, 3.27-mi-
cron IC laser for MSL/TLS.
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OpricaL COMPONENTS

l I sing MDL's primary and very flexible tool for nanoscale patterning,
the electron-beam lithography system, unique diffractive optical

elements have been developed that enable a variety of instruments,

including a number of airborne and spaceborne imaging spectrom-

eters. Fabrication of diffraction gratings dates back to the 19th century,
but the field of lithographically fabricated diffractive optics began
in the 1960s with Lohmann and Brown at IBM, who used computer

plotters and photo reduction. As lithography
technologyadvanced, itbecame possible to fabricate
diffractive optics by etching binary-level surface
relief profiles that allowed tailoring of the phase
of the optical waterfront. When this was combined
with computer-generated hologram (CGH) design
algorithms, sophisticated wavefront engineering
became possible.

The MDL entered this field in the early 1990s
when electron-beam techniques were developed
for fabricating analog (rather than binary) sur-
face-relief diffractive optics. These precise analog
surfaces exhibit very high wavefront accuracy and
efficiency. Thistechnique hasbeenused to produce
microlenses for focal-plane arrays, gratings, and
computer-generated holograms for optical inter-
connects and computed-tomography imaging spec-
trometers. During the late 1990s, JPL's spectrometer
designers needed blazed gratings on convex spheri-
cal substrates for compact imaging spectrometers.
Taking advantage of the electron-beam’s significant
depth-of-focus and precise calibration facilities, we
developed schemes for fabricating analog surface
profiles on substrates having several millimeters

of center-to-edge height variation. This ability
allowed the fabrication of high-efficiency (>90%)
convex gratings for so-called “Offner” imaging
spectrometers that are compact and can be designed
to exhibit near-perfect spectral imaging.

The recent advent of extremely broadband
focal-plane arrays (responding to wavebands as
wide as 0.4 to 3.0 pm) stimulated the development
of gratings thathad usable efficiency over multiple
octaves. One solution is the dual-blaze grating,
composed of areas that are blazed for different
wavelengths. This approach was used to fabricate
gratings for the Compact Reconnaissance Imag-
ing Spectrometer for Mars (CRISM) that is flying
aboard Mars Reconnaissance Orbiter. In an effort
to improve on the multiblaze scheme, shaped-
groove gratings (SGGs) were developed, in which
the groove is computer optimized to achieve a
desired efficiency vs. wavelength response. This
is very useful to the spectrometer designer since
it allows equalizing the overall signal-to-noise
level of the instrument across the band, taking
into account both the source spectrum and the
detector responsivity.
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Photograph and surface profile of the shaped-groove convex grating for the Moon Mineralogy Mapper.
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Left: Scanning electron
microscope image of pixel-
ized-wire grid polarizers.
Right: Transmission image of
polarizer array illuminated
with polarized light.

ANNUAL REPORT

Current Projects

1. CONVEX AND CONCAVE GRATINGS: Higher performance convex and concave
diffraction gratings continue to be developed. The emphasis is on minimiz-
ing polarization sensitivity and scatter without sacrificing spectral efficiency.
We are also fabricating concave gratings for extremely compact “Dyson”
spectrometers.

2. CORONAGRAPH OCCULTING MASKS AND SHAPED PUPILS: Gray-scale occulting
masks and complex-shaped open pupils are required for Terrestrial Planet
Finder (TPF) coronagraphs to perform very high contrast (~107°) imaging for
detecting Earth-like planets orbiting nearby stars. Precise gray-scale func-
tions are fabricated in high-energy beam sensitive (HEBS) glass by E-beam
lithography, and shaped-pupils in silicon by deep reactive-ion etching.

3. PATTERNED WIRE-GRID POLARIZERS: Polarizationimaging provides informa-
tion about the shape and roughness of features in a scene, and hence can be
used to identify objects or to separate human-made objects from naturally
occurring features. We are fabricating pixelized wire-grid polarizer arrays
and integrating them with visible focal plane arrays.

4. COMPUTED-TOMOGRAPHY IMAGING SPECTROMETERS (CTISs): The CTIS enables
snapshot imaging spectrometry of transient phenomena. We are currently
designing and fabricating Offner-form reflective CTIS systems that utilize
convex 2D computer generated hologram gratings and novel InGaAs near-IR
and mid-IR QWIP focal plane arrays.

5. FLUID FLOW SENSOR oPTICS: In collaboration with Measurement Science

Enterprise, we are designing and fabricating diffractive optical elements
(DOEs) that enable non-invasive fluid flow sensors. The DOEs produce high-
intensity light patterns in the fluid and particles in the flow scatter the light,
allowing determination of fluid velocity and shear stress.
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2007 Highlights

CONVEX AND CONCAVE GRATINGS: We utilized our shaped-groove grating
technique to deliver broadband convex gratings for two space flight projects:
(1) We designed and fabricated tri-linear groove gratings that produced
tailored efficiency from 0.43 to 3.0 pm for the Moon Mineralogy Map-
per spectrometer that will launch on India’s Chandrayaan-1 in 2008;
(2) We designed and fabricated bi-linear groove gratings for ARTEMIS
(Advanced Responsive Tactically Effective Military Imaging Spectrometer)
developed by Raytheon in collaboration with JPL. ARTEMIS will fly on the
U.S. Department of Defense Tactical Satellite 3 (TacSat3).

CORONAGRAPH OCCULTING MASKS AND SHAPED pUPILS: Gray-scale HEBS masks
and shaped pupils we