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ABSTRACT
1K × 1K Si:As Impurity Band Conduction (IBC) arrays have been developed by RVS for the James Webb Space
Telescope (JWST) Mid-Infrared Instrument (MIRI). MIRI provides imaging, coronagraphy, and low and medium
resolution spectroscopy over the 5 - 28 µm band. The IBC devices are also suitable for other low-background
applications. The Si:As IBC detectors have a pixel dimension of 25 µm and respond to infrared radiation between 5 and
28 µm, covering an important Mid-IR region beyond the 1 - 5 µm range covered by the JWST NIRCam and NIRSpec
instruments. Due to high terrestrial backgrounds at the longer Mid-IR wavelengths, it is very difficult to conduct
ground-based observations at these wavelengths. Hence, the MIRI instrument on JWST can provide science not
obtainable from the ground. We describe results of the development of a new 1024 × 1024 Si:As IBC array that
responds with high quantum efficiency over the wavelength range 5 to 28 µm. The previous generation's largest, most
sensitive infrared (IR) detectors at these wavelengths were the 256 × 256 / 30 µm pitch Si:As IBC devices built by
Raytheon for the SIRTF/IRAC instrument1. Detector performance results will be discussed, including relative spectral
response, Responsive Quantum Efficiency (RQE) vs. detector bias, and dark current versus temperature. In addition,
Sensor Chip Assembly (SCA) data will be presented from the first Engineering SCAs. The detector ROIC utilizes a
PMOS Source Follower per Detector (SFD) input circuit with a well capacity of about 2 × 105 electrons. The read noise
of the “bare” MUX is less than 12 e- rms with Fowler-8 sampling at an operating temperature of 7 K. A companion
paper by Craig McMurtry (University of Rochester) will discuss the details of SB305 MUX noise measurements2. Other
features of the IBC array include 4 video outputs and a separate reference output with a frame rate of 0.36 Hz (2.75 sec
frame time). Power dissipation is about 0.5 mW at a 0.36 Hz frame rate. Reset modes include both global reset and
reset by row (ripple mode). Reference pixels are built-in to the output data stream. The 1K × 1K IBC is packaged in a
robust modular package that consists of a multilayer motherboard, SiC pedestal, and cable assembly with 51-pin MDM
connector. All materials of construction were chosen to match the thermal expansion coefficient of Silicon to provide
excellent module thermal cycle reliability for cycling between room temperature and 7 K.
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1. INTRODUCTION
The Mid-Infrared Instrument (MIRI) for the James Webb Space Telescope (JWST) will be a combination imager and
spectrometer. The imaging mode will be carried out by a single 1024 × 1024 Si:As Impurity Band Conductor (IBC)
array while high resolution spectroscopy will employ two additional 1024 × 1024 Si:As IBC arrays, one of which will
cover a 5-12 µm band and the other of which will cover a 12-28 µm band. RVS previously delivered 256 × 256 / 30-µm
pitch Si:As IBC detector arrays for NASA’s SIRTF/IRAC instrument (now renamed the Spitzer Space Telescope)1. This
same array is also utilized in the ASTRO-F IRC instrument, which has yet to be launched. MIRI requires detectors that
sense infrared over a wavelength band of 5 to 28 µm. In addition, the detectors must exhibit dark currents that are below
the background of the cooled telescope, optics, and natural background at the L2 Lagrangian point where spacecraft
science observations are carried out.
Figure 1 shows a variety of different detector types made by Raytheon Vision Systems on a log-log plot. The y-axis
shows the typical operating temperature range of each detector and the x-axis shows the wavelength range over which
each detector type is useful. For photon detectors which employ a fundamental band gap edge, good performance under
low-background conditions can be achieved only if the thermal energy is much less than the band gap energy (kT <<
Egap). The diagonal dashed white line has slope -1 and represents the relation λcutoff(µm)= 320/T(K). Since λcutoff(µm) =
1.2399/Egap(eV), this is equivalent to the relationship T(K) = 258 × Egap(eV). The obvious (and perhaps only) choice of
detector materials for the MIRI instrument is Si:As IBC. This paper describes the progress at developing 1024 × 1024
Focal Plane Arrays for Space Telescopes II, edited by Thomas J. Grycewicz, Cheryl J. Marshall,
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element arrays with 25 µm × 25 µm pixels for MIRI using this detector material. Table 1 summarizes MIRI's focal plane
requirements derived by JPL, which has primary responsibility for MIRI. The requirements are similar to those for the
IRAC instrument on the Spitzer Space Telescope, which can be considered the predecessor to JWST.

------ ------Si PIN

2

SWIR HgCdTe

InSb

MWIR HgCdTe

LWIR HgCdTe

Si:As IBC

Wavelength
(µm)(jim)
Wavelength
Figure 1: High performance detector arrays fabricated by Raytheon Vision Systems. Detector types are represented in terms of
typical operating temperature versus useful wavelength range on a log-log scale. The dashed white line with slope -1 represents the
relation λcutoff(µm)= 320/T(K).
Table 1: MIRI primary focal plane requirements.

Parameter

Requirement

Measured

1024 × 1024 Si:As IBC

1024 × 1024

Si:As IBC

Si:As IBC

< 19 e- @ 7.1 K

10 e- @ 7.1 K

< 0.1 e-/sec @ 7.1 K

0.1 e-/sec @ 7.1 K
(test limit)

RQE: 5 – 6 µm

> 40%

> 50%*

6 – 12 µm

> 60%

> 60%*

12 – 26 µm

> 70%

Format
Detector Material
Noise
(Fowler-8 sampling)
Dark Current

> 70%* (12 – 24 µm)
> 30%* (24 – 26 µm)

26 – 28.2 µm

> 5% (goal)

> 5%*

* - RQE estimated from AR coat reflectance measurements and QE measurements on non-AR coated detectors.

2. MIRI DETECTOR ASSEMBLY
Figure 2 details the Detector Assembly. The MIRI Detector Assembly consists of a 1024 × 1024 Si:As IBC Sensor Chip
Assembly (SCA) mounted on an multilayer aluminum nitride motherboard which is in turn mounted on a SiC pedestal.
All materials were chosen to match the thermal expansion properties of silicon in order to achieve a robust package with
respect to repeated thermal cycling to 7 K. The package was also designed to minimize thermal conduction to the
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surrounding structure. A low thermal-conductance cable assembly with a 51-pin MDM connector provides all electrical
connections to the ROIC as well as to two primary and redundant temperature sensors and heaters. A tab on the
underside of the pedestal provides for attachment of a cold strap to the Detector Assembly.
Cover/Baffle
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SCA
Attachment Feet

Motherboard

Cable
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Cold Strap
Interface

Figure 2: MIRI Detector Assembly.

Figure 3 is a photo of one of the first Engineering Detector Assemblies. The electrical connector is shown with a wear
saver connector and a “shorting” plug designed to protect the assembly from ESD damage.

Figure 3: Photo of one of the first Engineering Detector Assemblies.

3. SI:AS IBC DETECTORS
IBC detectors, sometimes referred to as Blocked impurity Band (BIB) detectors, offer many significant advantages over
conventional extrinsic photoconductors for mid-infrared applications3. They provide higher quantum efficiency,
extended wavelength response, and reduced sensitivity to ionizing radiation in comparison to bulk extrinsic
photoconductors. Si:As IBC detectors offer excellent spectral response out to ~28 µm with dark current in the 0.01 e/sec to 0.10 e-/sec range at 7 K over a wide bias range. IBC detectors have been used for both low-background spacebased applications and high-background ground-based applications4,5.
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The basic architecture of the backside-illuminated Si:As IBC detector is shown in Figure 4. Epitaxial As-doped (n-type)
silicon is grown on a high-resistivity substrate into which an n-type back contact has been ion implanted. On top of this
detecting layer, an “intrinsic” (unintentionally doped) blocking layer is grown. A front side detector implant delineates
each pixel. The most difficult requirements for the MIRI detectors are high quantum efficiency over the full spectral
range and low dark currents. To achieve high Responsive Quantum Efficiency (RQE), high As-doping levels, of order
mid to high 1017 cm-3, are needed in the detecting layer. Thicker detecting layers can also enhance RQE, especially at
shorter wavelengths where the absorption cross section of the IBC is low. However, to maximize RQE, the detecting
layer must be fully depleted at a reasonable bias voltage which is not so high that it results in extreme electric fields
which can increase dark current or lead to excessive noise due to gain dispersion6. This in turn requires that the
background p-type compensation level in the detecting layer be very low, preferably <1012 cm-3. Thus, very high-purity
epi growth is required to produce high quality detectors. Relative response per photon as a function of wavelength is
shown in Figure 5 for three Si:As IBC detector material types. All these materials have nearly 100% internal quantum
efficiency (QE) at around 15 µm; so these relative response curves are nearly the same as RQE (gain = 1) if the detector
had a perfect Anti-Reflection (AR) coating. The material used as the baseline for MIRI exhibits the highest response.
The middle curve is a material with a thinner detecting layer, processed as a "contingency" in case the more difficult-toproduce baseline wafer failed to yield. The bottom response curve is material similar to that flown on Spitzer/IRAC.
Notice that response of the MIRI baseline material is approximately 60% higher than the Spitzer material at 5 µm.
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Figure 4: Basic architecture of a backside-illuminated Si:As IBC detector.
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Figure 5: Relative spectral response measurements for three Si:As IBC detector materials: MIRI baseline (upper curve), MIRI
contingency (middle curve), and material similar to that used on Spitzer/IRAC (lower curve). The MIRI material has higher response
in the 5 to 10 µm spectral region than Spitzer/IRAC.
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Since bare silicon reflects approximately 30% of the incident light, AR coatings have been developed for MIRI to reduce
reflection losses. Figure 6 shows the two single-layer coatings that are being used on MIRI detectors: one whose
minimum reflectance is at 6 µm and the second whose minimum is at 16 µm. The shorter-wavelength coating is
especially critical to boost response in the 5 – 10 µm range where the internal RQE is well below 100%. Reflection loses
are between 5% and 15%, a considerable improvement over bare silicon.
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Figure 6: AR coating reflectivity measurements for two MIRI coatings: 6 µm minimum (left) and 16 µm minimum (right) reflectance.

Figure 7 shows RQE vs. IBC detector bias at a photon wavelength of 8.9 µm. This data was acquired on a detector Test
Structure Assembly (TSA) using large-area pixels. RQE increases rapidly with detector bias until full depletion occurs,
near 1.0 volt of bias. Beyond full depletion RQE increases more slowly until gain kicks in above 3.0 volts of applied
bias.
RQEvs. bias at 8.9microns (D64)
70

Fully
depleted

60

RQE

50
40

Onset of
gain

30
20

wafer 9571, Assy. 7589021

10
0
0.00

wafer 9601, Assy. 7581011
0.50

1.00

1.50

2.00

2.50

3.00

3.50

Bias (volts)

Figure 7: Responsive Quantum Efficiency (RQE) versus IBC detector bias at a photon wavelength of 8.9 µm. Two different baseline
detector wafers are shown. Full-depletion occurs near 1.0 volt of bias and evidence of gain appears at bias levels greater than
3.0 volts.

Low dark current has also been achieved with MIRI detectors, but due to the difficulty in measuring such low currents,
the measurements must be made at the Sensor Chip Assembly (SCA) level. The results are described in the SCA section
below.

4. READOUT INTEGRATED CIRCUIT (ROIC)
The primary technical challenge for the MIRI 1024 × 1024 readouts is functionality and low noise at the detector
operating temperature of 7.1 K. Two types of starting material were used in the readout wafers: "standard" material
which had been used previously for low-temperature CMOS ROICs, and "alternate" material, which was untried but was
believed, for theoretical reasons, may exhibit lower noise at 7 K. Noise measurements confirmed that the "alternate"

Proc. of SPIE 590209-5
Downloaded from SPIE Digital Library on 26 May 2010 to 128.196.208.1. Terms of Use: http://spiedl.org/terms

material did produce readouts that were lower noise, possibly the lowest noise ever at the 7 K operating temperature.
Figure 8 shows the basic architecture and floor plan of the SB305 MIRI ROIC. The main design features include the
following:
•
•
•
•
•
•
•
•
•
•

1024 × 1024 / 25 µm pixels
7 K Operation
Source-Follower-per-Detector (SFD) PMOS input circuit
Low Noise: 10 – 12 e- rms with Fowler-8
Low Read Glow
Low Power: < 0.5 mW
4 outputs with interleaved columns
Reference pixels on all outputs mimic "dark" detectors
Reference output averages noise from 8 "dark" reference pixels
2.75 second read time at 10 µsec per sample (100 kHz pixel data rate)
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Figure 8: Floor plan of the MIRI SB305 ROIC.

Read noise measurements performed by Craig McMurtry at the University of Rochester on “bare” SB305 ROICs show
that the noise is 10 to 12 electrons rms (Fowler-8), approximately 50% lower than the comparable noise achieved on
Spitzer/IRAC2. The pixel nodal capacitance was determined to be 28.5 fF based on measurements at 30 K. Since the
Si:As IBC detector adds very little capacitance to the total input node capacitance of the SCA, the SCA noise is expected
to be only slightly higher than the bare-MUX noise.

5. 1024 × 1024 SENSOR CHIP ASSEMBLIES (SCAS)
Hybridization of 1024 × 1024 Si:As IBC detector arrays to MIRI SB305 readouts has resulted in several excellent SCAs
(Figure 9). With 25 µm pixels, the detecting area is approximately 1 inch by 1 inch. Nearly all SCAs fabricated to date
have > 99.5% of the 1048576 indium bumps making electrical contact between the detector and ROIC and no
degradation has been observed with repeated thermal cycling. SCAs are currently being integrated into Detector
Assembly packages for delivery to JPL as Engineering units.
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Figure 9: Photo of a 1024 × 1024 MIRI SCA with Si:As IBC detectors. The SCA is mounted in a 124-pin Leadless Chip Carrier
(LCC).

NASA Ames Research Center has made several key measurements of the MIRI SCAs. Figure 10 shows dark current
spatial uniformity of a 1024 × 1024 SCA and an Arrhenius plot of log(dark current) versus 1000/T as measured by
NASA Ames for a 1.0 volt applied detector bias. The dark current follows the expected straight line on the Arrhenius
plot down to 8 K, indicating a thermally-generated current. The dark current “bottoms out” at 0.2 electrons/sec at 4.75 K
and appears to be uniform. The uniformity is perhaps too good to be limited by the detector array and may be due to
other effects such as Dewar light leaks or hot spots. Since the detectors are sensitive out to 28 µm, areas inside the
Dewar slightly above 10 K can contribute to the measured "dark" current. Therefore, 0.1 electrons/sec at 7 K may be an
upper limit on the detector dark current.
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Figure 10: Preliminary dark current measurement on SCA 985 by NASA Ames. The spatial plot on the left side shows the uniformity
of the dark current over the 1024 × 1024 array. On the right side is an Arrhenius plot of Log(dark current) versus 1000/T. The dark
current decreases along a straight line on this plot down to approximately 8 K, as expected for a thermally generated current. An
upper limit of 0.2 e-/sec was measured at approximately 4.75 K.

The response uniformity of the same SCA, SCA 985, was also measured by NASA Ames. Figure 11 shows spatial
response uniformity and relative response as a function of detector bias. Although these data are preliminary, the SCA
appears to perform well.
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SCA985 Relative Response v. Applied Bias
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Figure 11: Preliminary response measurement of SCA 985 by NASA Ames. The spatial plot on the left side shows the uniformity of
the response to infrared radiation over the 1024 × 1024 array. The right side shows the relative response as a function of detector bias.
All measurements were made at 7 K.

6. CURRENT STATUS OF MIRI
Both Si:As IBC detectors and SB305 ROICs have been successfully fabricated in the 1024 × 1024 (25 µm pixel) format
required by MIRI. Compared to Spitzer/IRAC, the detector RQE is approximately 60% higher between 5 and 10 µm and
the ROIC noise is approximately 50% lower. SCAs have also been successfully fabricated with good indium bump
interconnect yield and good thermal cycle reliability. Preliminary SCA data show low dark current and good array
uniformity. Prototype SCAs are complete and the project is ready for the flight build.

ACKNOWLEDGEMENTS
This work is being carried out by RVS as part of the JWST mission under contract to JPL (contract # 1252746). MIRI is
an international project under development by a “50/50” partnership between NASA and the European Space Agency.
JPL has responsibility for the MIRI Focal Plane Modules (FPM) and readout electronics, the cryo-cooler that cools the
detectors to ~7 K, and the flight software.
Raytheon is indebted to Mike Ressler of JPL who has provided technical guidance for the MIRI detector development.
Key measurements have been performed by Craig McMurtry at the University of Rochester and Mark McKelvey and
Bob McMurray of NASA Ames Research Center. These are incredibly difficult measurements without which we would
never know how well our devices perform. In addition, they have advanced the understanding of the operation and
optimization of our detectors, readouts, and SCAs.

REFERENCES
1.

2.
3.

4.

R. E. McMurray, Jr., R. R. Johnson, C. R. McCreight, M. E. McKelvey, J. D. Garnett, A. W. Hoffman, N. A. Lum,
W. Y. Lum, M. S. Smith, K. P. Sparkman, A. G. Toth, G. Domingo, D. Krebs, and M. Jhabvala, “Si:As IBC Array
Performance for SIRTF/IRAC”, Proc. SPIE 4131, pp. 62-69, 2000.
C. W. McMurtry, W. J. Forrest, and J. L. Pipher, “Summary Report on SB-305 ROIC Lot 1 Testing for JWST
MIRI”, to be published in these proceedings.
K. J. Ando, A. W. Hoffman, P. J. Love, A. Toth, C. Anderson, G. Chapman, C. McCreight, K. Ennico, M.
McKelvey, and R. McMurray, Jr., “Development of Si:As Impurity Band Conduction (IBC) Detectors for MidInfrared Applications”, Proc. SPIE 5074, pp. 648-657, 2003.
P. Love, K. Ando, J. Garnett, N. Lum, J. Rosbeck, M. Smith, and K. Sparkman, “Infrared Detectors for GroundBased and Space-Based Astronomy Applications”, Proc. SPIE 4008, pp. 1254-1267, 2000.

Proc. of SPIE 590209-8
Downloaded from SPIE Digital Library on 26 May 2010 to 128.196.208.1. Terms of Use: http://spiedl.org/terms

5.

6.

K. Ennico, M. McKelvey, C. McCreight, R. McMurray, Jr., R. Johnson, A. Hoffman, P. Love, and N. Lum, “Large
Format Si:As IBC Array Performance for NGST and Future IR Space Telescope Applications”, Proc. SPIE 4850,
pp. 890-901, 2002.
M.D. Petroff and M.G. Stapelbroek, “Spectral Response, Gain, and Noise Models for IBC Detectors”, in Proc.
Detector IRIS, 1985, vol. II.

Proc. of SPIE 590209-9
Downloaded from SPIE Digital Library on 26 May 2010 to 128.196.208.1. Terms of Use: http://spiedl.org/terms

