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1. Introduction

Reflectance spectroscopy provides a means for
mapping surface mineralogies rapidly. As an
example, a reflectance absorption spectrum of a
mixture of common rock forming minerals is shown
below. Each mineral is a different molecule that
absorbs energy in a region of the whole excited
spectrum. From the spectrum the minerals can be
identified and with radiative transfer analysis the
relative concentrations of the minerals can be
determined as shown in Figure 1.
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Figure 1. Typical surface absorption spectrum of
the Ferrihydrite.

Terrestrial materials have long served as analogs of
the Martian surface, both chemically and spectrally.
For example, AVIRIS has sampled areas of
California, Nevada, and Utah, having surface
mineralogy that includes numerous clays, sulfates,
iron oxides, carbonates and other minerals.

The average terrestrial spectrum shows overall
spectral shape and albedo level to similar spectra of
Martian bright regions. Some areas containing
hematite have visible spectrum that is very similar to
the spectrum of Mars. The terrestrial spectra show
strong clay absorption at 2.2 microns (OH).

The strength of comparable features (at 2.2 microns)
in spectra of Mars are about a factor of 50 less,
implying very low global abundance of OH-bearing

materials with 2.2-microns absorptions. This implies a

weathering history on Mars that differs substantially
from that for Earth.

"Several terrestrial minerals have been proposed as
spectral analogs for Martian surface materials, and
two groups in particular, the palagonites and the
montmorillonites, have proven exceptionally popular.
However, neither provides a perfect match to the
observations, and the diagnostic 2.2-microns cat ion-
OH vibrational absorption exhibited by most
terrestrial clays has yet to be detected in spectra of the
Martian surface. Mixtures of 5.0, 3.0, 1.0, and 0.5
weight % montmorillonite (SAz-1) in a spectrally
bland basaltic powder having a 2.2-microns albedo
similar to that of Mars have been measured. The
Figure 2 shows the variation of band depth with clay
content in the mixtures. For mixtures of as little as
5.0 weight % of clay, the 2.2-microns band is readily
separated from the continuum, and is clearly
distinguishable down to 1.0 weight %. Below 0.5
weight %, however, existing technology cannot
achjeve sufficient signal-to-noise to separate the 2.2-
microns absorption from background. Between 5 to
0.5 weight % clay, band depths ranged from 0.013 to
0.0011 for the basalt-montmorillonite mixtures.
Examination of the literature reveals that the upper
limit to the 2.2-microns band depth for Martian
spectra is 0.0007 micron 0.0010 (Clark, 1992,
Reference 1), easily less than that for the 0.5 weight
% clay mixture used in this study. This would imply
that Martian soils of as much as 1 weight % clay
could be ruled out on the basis of available
spectroscopic data."”
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Figure 2. Clay absorption feature depth as a
function of abundance (Reference 2).



The amount of clay minerals on the surface of Mars is
much lower than expected, less than two percent of
that found on earth. These low values may provide
another clue to deciphering the mystery concerning
the evolution of the surface and the potential for prior
life on Mars. Clays may be important to the formation
of life, perhaps as surfaces to which large molecules
could stick. If clays never formed in abundance on
Mars, life may not have been able to develop. If some
processes are destroying clays, then those processes
might also have been hostile to the formation of life.

For decades scientists have debated the mineral
composition of the Martian surface. Its red color was
assumed to be caused by the presence of weathered
iron oxides--also known as rust. (Refer Figure 1)
Since iron oxides and clay are common products of
the weathering process on Earth, they were assumed
to be equally common on Mars. None of the
spacecraft that have landed on Mars so far have been
able to directly determine what minerals are present
on Mars - though APX experiments have provided
partial measurements of the underlying composition.

Mapping mineralogy is important to establishing the
sequence of events, which formed the present Martian
surface. Particularly important is the identification of
rocks and minerals formed in the presence of water

since water appears to have played a dominant role in
shaping the topography of Mars and is considered to
be one of the key ingredients for formation of life.
Current and past Mars missions have already sent
back views of the Martian surface that seem to show
evidence of dry riverbeds, flood plains, rare gullies on
Martian cliffs and crater walls, and sedimentary
deposits that suggest the presence of water at some

point in the history of Mars.

The current body of evidence for these structures
arises largely from interpretations of albedo (and
scattering) differences mapped in the visible. These
differences can be much more evident and/or
diagnostic when observed at other wavelengths that
should produce higher albedo contrasts corresponding
to different mineralogic regimes. In particular, in the
near-IR region, the degree of oxidation of basalts
affects the slope from 0.5 to 0.8 microns, iron oxides
(Fe 3", Hematite, Goethite) have diagnostic bands
between 0.5 and 1 micron, the "ferrous" band at 0.9-
1.1 microns and around 1.5 microns can discriminate
between various pyroxenes and olivines, and the 2-2.5
micron region can be used to differentiate between
various clays, water of hydration, and similar OH-
bearing materials.

The albedo contrasts can be (and for Mars, frequently
are) masked by desert varnish, dust coating and
atmospheric scattering, all of which tend to subdue or
even mask underlying spectral features. These
problems can be ameliorated by finding or creating
fresh surfaces (requires high resolution or close
proximity) and/or by having very good signal-to-noise
to allow discrimination of absorptions having low
contrast. The latter approach is also enhanced by
utilizing high spatial resolution (to get limited
mineralogic variation in a single field) and high
illuminance.

The InGaAs array, and the high throughput of the
convex grating is ideally suited to address the
challenges discussed above. The spectral range of the
detector provides excellent crossover coverage
between the silicon (e.g. CCD) devices used for
imaging and the microthermopile devices used for
longer wavelengths. Its high D* (>10'% cm-Hz"%/W
at 200K - Figure 3)* at 1 micron is ideally suited for
utilizing the very diagnostic "ferrous" bands and for
detecting very small (or subdued) spectral variance(s).
The combination of high D* and appropriate spectral
range also make the device ideally suited for (near-
field) Raman spectroscopic observations. The modest
cooling requirements make it usable on the Martian
surface (utilizing either thermal electric or night time
"thermal mass" cooling). The aerial array allows

oo nA
elimination of a grating scanning mechanism and

enables 1 dimensional spatial extent, summation to
improve signal to noise, or time domain spectroscopy,
depending on the application. In addition, the
relatively high speed (>3.5x10 pixels/s) provided by
the APS readout can lead to relaxed pointing stability
requirements, ease integration with other instruments,
and make feasible novel surface chemistry
experiments such as monitoring laser ablation of
surface coatings or measuring fluorescence decay.

2. Objectives

The objective of this study is to develop a prototype
spectrometer subsystem suited for mapping mineral
differences on Mars surface from a lander or rover
platform. This prototype will be implemented
utilizing an InGaAs 2D focal plane array,
monolithically integrated with an InP JFET amplifier
and readout multiplexer, and an optics train utilizing a
micromachined convex diffraction Grating for the
distortion-free dispersive optical element.

2.1 Specific Aims

There is a crossover point between the contributions



of reflected and emitted radiation that depends on the
solar spectrum and surface temperature. For Mars,
this (minimumy) occurs at about 2.6 microns. For the
design of surface spectral instruments that is a natural
place to transition from band-gap to bolometer (etc)
type detectors, thus avoiding the high-power cooling
requirements for band-gap devices used at longer
wavelengths. Until now, it was also necessary to use
different detectors at a boundary located at 1 micron
because of the responsivity of silicon and (for
instance) lead sulfide detectors. The location of this
transition region is unfortunate, because the low
responsivity makes it difficult to utilize this very
diagnostic spectral region.

3. Detector description

The InGaAs array spans the gap that represents the
end (~0.9 microns) of silicon sensitivity and the start
(~1 micron) of InSb (See Table I), lead salts, and
HgCdTe detectors. The monolithic sensor
eliminates the need for hybridization with a silicon
multiplexer, and also allows the sensor to be front
illuminated, making it sensitive to visible as well as
IR radiation.*” This provides the opportunity to
utilize a single focal plane array (or focal plane type,
depending on implementation for imaging and
spectroscopy, and to relate spatially visible albedo
("color and shading") to IR albedo ("Composition,
temperature, and structure"). The high D* of this
array also permits use in low-light level applications
(Raman spectroscopy, time-resolved spectroscopy,
and scattering by dust and aerosols) - which makes
the technology particularly interesting for packages to
be landed on Mars. (Refer Table II)

Table I. Comparison of Detector Operations

MISA AVIRIS
Detector InGaAs S1/InSb
Material
Detector Monolithic Hybrid
Configuration
FPA 2D(64x64) 1D(614)

APS

Spectral VIS/NIR VIS/NIR
Ranges (0.5-2.5) (0.3-0.9/3.0-
(um) 6.0)
Operating -65°C -196°C
Temperature
Cooling TEC LN,

Table II. Modes of Operation

InGaAs Application | Comment

Camera Filters (Interference,
Liquid crystal)

Spectrometer Filters or grating

Time-resolved Nanosecond on up

spectroscopy

Raman Spectroscopy Measure forbidden
transitions

Scattering Can measure size
dependence

For this proposal, we have chosen to implement and
test the three spectrometer applications, because these
three would have high utility for the planetary
program, do not have alternative instruments
available, and provide the most demanding use of
detector sensitivity.

State-of-the art focal plane array technology for
imaging in space utilizes charge-coupled devices
(CCDs) which are made of silicon semiconductor
materials for the visible range, and cryogenically
cooled linear arrays of InSb or HgCdTe - some
bonded to CCDs/complementary meta-oxide
semiconductor (CMOS) for readout, for infrared.
These have all the advantages in signal detection and
processing of previous point detection systems.
However, CCDs have problems in long-term stability,
sensitivity, and fast dynamic information transfer due
to the required high charge transfer efficiency
(>99.93%) for these devices. High power
consumption, cooling requirements, and limited
wavelength ranges are the main obstacles that must be
overcome in order to construct miniaturized, mobile,
mtegrated, smart, and multifunctional imagers in one
chip for potential use in landed missions and missions
with severe resource limitations.

State-of-the-art InGaAs near-infrared (NIR) focal
plane arrays (FPA) are now available. The current
generation of square format InGaAs FPAs gives
expected improved performance. This FPA has a
higher density of pixels than any other single material
currently available in the range of 0.5 — 2.5 pm band
at near room temperature as shown in Table III.

The FPAs are made of In,Ga; ,As by mixing InAs to
GaAs and stacking the materials from x = .53 to 0.82
to increase the responsivity of the multi-layered
quantum well structures. They are responsive over
the spectral range (0.5 — 2.5um) of visible and near
IR.*> The resultant InGaAs FPA has superior
detectivity in the range of 0.5 — 2.5 pm compared
with other detectors, especially near room
temperature.”® (Figures 3 and 4) This MISA
subsystem will use the InGaAs sensor array



monolithically integrated with InP JFETs for readout
control and signal amplification for front signal
illumination.

Table III. Characteristics of an available InGaAs
Focal Plane Array

Material: In, Ga,., As substrate x = .82

Material thickness: 5-18 um thick

Format: 64 x 64

Pixel Size: 150 pm x 150 um

Spectral Bandwidth: 0.5 pm to 2.5 pm

Peak Detectivity: 10'? cm Hz"*/W at a temperature of
200K

Quantum efficiency: 65 % at 2.0um

Estimated power consumption: <130mW
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Figure 3. Comparison of detectivity among the
most popular infrared detectors. InGaAs exhibits
superior detectivity, permitting detection of small
spectral variances.
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Figure 4. Spectral Response of the InGaAs
detector. The detector is responsive to the VIS and
NIR over the range of 0.5 ~ 2.5 um.

3.2 Optical Train

The distortion-free dispersing capability of the grating
required for spectral imaging applications is limited to
a spectral range with a minimum to maxinum ratio of
1:2. The designed convex grating will combine three
different regions of concentric gratings to cover the
whole optical range (0.5 — 2.5 um)

A). State-of-the-art InGaAs near-infrared (NIR)
focal plane arrays (FPA) will be used and its
responsivity will be characterized. The current
generation of a front-illuminated rectangular format
InGaAs FPA has a higher performance than anything
currently available as a single detector in the VIS/
NIR band at near room temperature. The JPL-
developed InGaAs FPA, monolithically integrated
with InP JFETs, will be controlled by readout circuit
boards for testing. The final selection will be made for
the best detectivity (D* > 1E10"? cm Hz"*/W) at 2.0
pm on a 64 x 64 focal plane array with a pixel pitch of
150 um. (Table III)

Spectral resolution of the proposed subsystem will be
determined by spreading the dispersed beam over all
the columns (64) of the 2-D InGaAs FPA.
Consequently, the frequency or wavelength of the
light received by each pixel could be identified from
the position of the pixel along its row (see Figure 6a).
When a lens is used to image the target scene onto the
FPA, the position of each pixel along a column
provides a spatial resolution element for each
spectrum.

B). Spectral dispersion will be achieved by utilizing
a convex grating to be fabricated at JPL using the JPL
technique described in the references.”"”  The
surface contour of the substrate is first mapped to
regions within which the elevation changes by no
more than one focal depth. The diffractive optical
element pattern is then divided into sub-patterns
corresponding to those regions. For the case of a
spherical surface, the sub-patterns are annuli. Each
sub-pattern is exposed in sequence, adjusting the
focus, deflector calibration, and deflector rotation for
each pattern. Figure 6a illustrates the general
configuration of the convex grating with respect to the
InGaAs FPA.

(). Integrated Readout Circuit Boards (JRCBs)
will be fabricated to connect the FPA to the existing
Microelectronic Advanced Laser Scanner (MEALS)
laboratory test set. (Figure 5) Since the Multiplexer
hybridized to the InGaAs FPA includes an auto zero
integrator, background suppressor, and buffer



preamplifier, IRCB will be a pixel test personality
card and a mother board to control the individual
pixel I/O ports by shifting the digital connector using
the system clock and power suppliers.

D). Testing of the FPA, multiplexer, and optical train
will be characterized for throughput and noise at the
component and system level. Tests for cross talk and
spectral discrimination will be performed at the
system level using triple spectrometer, reference
spectral materials and a precision black body. The
total system performance will be demonstrated with a
mineral target, measuring a part of the pyroxene solid
solution series.'® The prototype will additionally be
tested in Raman mode (which requires very high
SNR) using one of the configurations of the MEALS
test set at JPL, as shown in Figure 5.
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Figure 5. Block diagram of the test setup using the
Microelectronic Advanced Laser Scanner
(MEALS).

4. Technical Approach

Figure 6a shows the MISA subsystem: a 2-D
InGaAs FPA combined with a convex grating to test
detector response and spectrometer throughput of
these two key elements. The MISA subsystem will
be tested by PC that controls the system clock of the
Pulse Instruments (PIs) and the readout channels of
the FPA. The laboratory test setup for the MISA
system also includes a beam splitter that is mounted
on a micromanipulator, a mechanical chopper and a
filter. The implementation of MISA in this proposal
uses various external broadband sources, external
monochromatic sources, and an external single-
frequency laser to actively excite a target.

The expected high D* makes MISA suited to both
passive imaging spectroscopy and (near-field)
Raman applications (Figure 6b). The dispersed
light from the grating will be detected by a row of
the two-dimensional rectangular InGaAs focal plane

array (64x64). Consequently, the wavelength or
frequency of the light received by each pixel can be
identified from the position of the pixel along its row
(64). Each column pixel represents a spatial position
(in imaging mode) or can be sampled sequentially
(and rapidly) for time-domain applications. The
FPA will be operated in conjunction with APS
readout control, 3-D readouts, and pixel-data-
processing circuits.” '”"'* When tested in an
absorption spectral configuration, light returning
from the target will be reflected by a beam splitter
prior to discrimination of the excitation light by a
low frequency pass filter. Only the induced emitted
light from the target will be introduced to the convex
diffraction grating.

Light returning from the target, after filtering the
excitation light, would be spectrally dispersed by the
built-in grating prior to reaching the detector arrays-
in this case, along the columns of the zeroth row (P00,
P01, P02, P03, ...) of an FPA array. Hence, by
processing the readouts from the pixels in this row at
the same time, one could obtain a wavelength-
resolved characteristic spectrum of the target for its
identification.
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Figure 6a. Proposed MISA Subsystem: Magnified
version of the gray area of the Figure 6b.

5. Limitations

Due to the optoelectronic characteristics of the
intended material for this proposed MISA, the
spectral response would be limited to the wavelength
range of 0.5 - 2.5 um. However, the concept of the
instrument can be applied to any interested space
mission by replacing the sensor material accordingly.
The advantage of the monolithic InGaAs APS FPA is,
though, that one is able to have the superior
detectivity by front illumination for the visible and
near infrared functional observation without the
backside-thinning, indium bump bonding, and the
bulky cryogenic cooling system that is required of
most infrared detectors.
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Figure 6b. Mars straw man configuration. The fore optics would have a near field component for Raman
use and afar field capability for passive imaging spectroscopy. Gray area is the Subsystem (6a) described.

6. Anticipated Results

InGaAs detectors span a spectral range, 0.5 to 2.5
um, that is of great utility for planetary science (see
Table IV). This particular wavelength span permits
relating visible albedo variations to compositional
regimes with the same detector. The spectral range
includes the sulfur transition band (Io), ferric and
ferrous iron (Earth, Mars, Galilean satellites,
Asteroids), CO, bands (Venus, Earth, Mars, Europa),
NOx bands (Titan), H,O and hydration bands (Earth,

Mars, Europa).” '*?' It is important to note that

spectrometers in the visible range have not been
included in prior deep space payloads (because the
spectral range is accessible through Earth's
atmospheric window), but are important for in situ
(and high-spatial resolution orbital) payloads on Mars
where the spatial resolution is very much better than
that that available from earth. In this situation,
classification of the terrain by precise color would be
much more productive than by utilizing a few filters
in a camera.

Table IV. Planetary applications for InGaAs spectral range

Species Planet Comments

S, To

H,0, Hydration Products Mars, Europa, Earth

CO, Mars, Europa,

NO, Titan

Fe’" Earth, Mars, Europa, Moon
Asteroids

Fe™ Moon, Mars, Asteroids, Galilean Olivine, Opx-CPx,
satellites, Comets Plagioclase

Chlorophyll Earth, Europa

CH, Triton

H,S0O, Venus

Thermal measurements lTo, Earth Lavas above ~500K

6.1 Perceived Impact of this Work

Straw man Rover configuration

It is intended that this prototype lead to a
spectrometer suited for deployment on a Mars07
rover. The characteristics required for surface use
include low power, mass and low volume. The high
sensitivity and SNR expected from the prototype
focal plane and grating combination proposed here

would be suited for combined standard reflectance
spectroscopic and Raman spectroscopic operation. In
an operational configuration this prototype would be
combined with fore optics, a laser diode, and a beam
splitter. The operational configuration would be used
in standard reflectance mode for survey operations
and in both standard reflectance and Raman mode for
near-field examination of the mineralogy of rocks
and grains. Preliminary estimates suggest that night



time cooling of a thermal mass combined with a
thermal electric cooler mated to the focal plane
would provide a net lowest power operation.

The proposed research will produce a bench-top
instrument that can be demonstrated by thoroughly
evaluating the performance of this new InGaAs focal
plane array and readout multiplexer, and the system
throughput and image quality of the detector/convex
grating combination.

These evaluations will be performed utilizing the
bench-top prototype. The parameters derived will be
used to design a complete prototype instrument suited
for use on the Martian surface.

The results derived from this research will provide an
enabling technology for remotely determining the
mineralogy of Mars surface material.

The InGaAs FPA is an unsealed focal plane array
mounted in a 28-pin package. This configuration
allows the user to modify the conditions for testing.
The user can change the bias, gain, clocking rate,
integration time, and temperature in Jet Propulsion
Laboratory's focal plane array test setup. This
provides a larger range of testing conditions. This
focal plane array has similar specifications as the
device in the dewar cooled camera plus the versatility
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i.e. variable temperature, larger reverse bias, etc. The
following are the features of this array:

64x64 pixels on a 150 um pitch (9.6x9.6mm’)
Uniformity 98%

Sensitivity from 0.6 ~ 2.55 pm

D* >2.8x10" cm Hz">/W @1.55 pum at 208K
Full well capacity 1E7 photons

Dark Current 100 nA

Rise Time 0.041 us

O 0 OO0 O OO0

The room temperature InGaAs photodiode detector
module is a photovoltaic type detector with a
responsivity of 0.65 to 2.65 um. Compared to the un-
cooled type Ge photodiode, the InGaAs photodiode
has superior features such as smaller junction
capacitance and larger shunt resistance. The InGaAs
photodiode detector module has excellent
performance at room temperature in the near IR to
2.65um.

The detector assembly consists of an InGaAs
photodiode mounted in a compact housing, which
can be screwed directly on the slit of the MISA.

Spectral Response

The spectral response of the thinned InGaAs diode
array is from 0.50 nm to 2500 nm. The maximum
sensitivity wavelength is located around 2400 nm and
corresponds to 39% quantum efficiency.

Spectral Resolution

A rectangular array provides broad wavelength
coverage or high resolution but not both. The
spectral resolution of this proposed subsystem is
determined by both the total spectral coverage and
the number of pixels in a row. Thus the spectral
resolution of the proposed subsystem will be depend
upon the total size of the subsystem housing.

Noise

The noise components of an APS are shot noise, dark
signal and read-out noise. APSs can be cooled
thermoelectrically to reduce the dark signal and it's
associated random noise.

Dynamic Range

Potential well capacity is another important
characteristic of the FPA. It is the measure of how
much charge can be stored in an individual pixel. A
chip with a larger full well capacity can record a
higher signal level before saturating. This
specification varies, depending on the doping of the
InGaAs, architecture and pixel size. The quantum

well capacity for this array is usually arcund 1E7

electrons. Well capacity and read out noise determine
the dynamic range of the chip. The greater the well,
the greater the dynamic range. In an APS, the most
intense signal, the saturation level, is the potential
well capacity and the weakest signal is limited by the
read out noise. MISA will be equipped with a
variable gain. This is extremely important in
applications where we typically have very weak
signals. By increasing the gain to measure signal
levels which are very close to the noise, we can
Improve our signal to noise ratio while maintaining
the same integration time. Or, we can achieve the
same signal to noise ratio in less time. It is also useful
for measuring more intense signal levels and enables
you to take full advantage of the saturation limit of
the APS.

Rapid Acquisition of Multiple Spectra

The rectangular format permits near-simultaneous
acquisition of 64 spectra, providing opportunity for
push broom imaging and/or pixel summation for
improved SNR.

7. Conclusion

A highly sensitive, low noise, miniaturized VIS



/NIR imaging spectrometer subsystem based on a
new, advanced InGaAs focal plane array and a new
technology, micro-machined, high-throughput,
distortion-free convex diffraction grating is
presented. The goal of this paper is to define and
develop a prototype non-cryogenic spectral analyzing
instrument that fits within resource limits typical for
a Mars Rover and that covers the wavelength region
critical for understanding Mars surface chemistry.

The key improvements for this prototype over
existing VIS/NIR systems is the ability to measure
the full spectral range (0.5 to 2.5 microns) with a
single, 2-dimensional detector array and a fixed
grating without the need for cooling. This simplifies
and reduces the scale of instrumentation that has
historically been difficult to implement on planetary
missions.

The two-dimensional InGaAs focal plane array used
with this instrument is different from existing
detector technology and permits a unique
implementation with superior detectivity (D*)
requiring no cryogenic cooling over a spectral range
that is not spanned by any other single detector
material. The high D* of the array enables
measurement of narrow bandwidths at low
illumination levels, analysis of subtle absorption in
spectra of mixtures, and high-speed measurement of
reaction kinetics. The 2-D array permits mapping the

image with a fixed grating, eliminating the spectral

distortion created with grating motion. It can detect
the characteristic visible/infrared optical signals of
compositions (and isotopes) of interest for use in
scientific investigations on future planetary missions
{e.g. Fe [3+, 2+](olivine, pyroxene) (Mars, lo), NO,
(Titan), H,O (Ice), salt hydrates, clays (Mars,
Europa), CO, (Mars)}. The micromachinned convex
grating, with sharper ruling edges, more precise
blaze angles, and fewer required reflecting
surfaces provides higher throughput and better
image quality than that available from
conventional replicated or ruled gratings.

The MISA subsystem will include: 1) integrating the
InGaAs 2D focal plane array (FPA) on a miniature
thermoelectrical cooler (-65°C) with sampling
circuits without the cryogenic cooling system, 2)
integration with JPL-developed miniaturized convex
gratings, and 3) integration of a bench top instrument
control system to demonstrate characteristic mineral
olivine spectrum. The laser excited emission
spectrometer then can be stimulated with a built-in
advanced laser scanming (MEALS) system for an
mobile object identification or target imaging
applications.
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