
Notes:  
Semiconductors are materials with electrical resistivities that are in between conductors and insulators.
Type                       Resistivity, Ohm m    Resistance, Ohm (1mm length)
Conductor              10-8 10-5

Semiconductor       10-2 - 102 10 - 104

Insulator                  108 1011

At 0 K all of the electrons In the semiconductor are attached to the respective nuclei; thus there are no free electrons to contribute 
to current flow.  Another way of expressing this is to say that all of the electrons are in the valence band and the conductivity is 
zero.

The distribution of electron energy is given by the Fermi-Dirac distribution.

McLean, I. (2008). Electronic Imaging in Astronomy: Detectors and Instrumentation, 2nd edition. New York, Springer.
Rieke, G. H. (2003). Detection of Light: From the Ultraviolet to the Submillimeter. Cambridge, Cambridge University Press.
Rieke, G. H. (2007). "Infrared Detector Arrays for Astronomy." Annual Review of Astronomy and Astrophysics 45: 77-115.



Notes:  The term intrinsic means the material is pure and the properties measured are intrinsic to the material.
Table is from Bratt, P.R. 1977, in Semiconductors and Semimetals, vol. 12, ed. R.K. Willardson & A.C. Beer (New York: 
Academic), 39.

Reference: Rieke, G. H. (2007). "Infrared Detector Arrays for Astronomy." Annual Review of Astronomy and Astrophysics 45: 
77-115.

The number of electrons jumping into the conduction band proportional to exp(-Eg/2kT), where Eg is the energy gap and T is the 
temperature.
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References:  Ives, D. et al. (2012). AQUARIUS, the next generation mid-IR detector for ground-based astronomy. High Energy, 
Optical, and Infrared Detectors for Astronomy V, SPIE, 8453.
Bharat, R. (1994). "Impurity band conduction detectors for astronomy." Experimental Astronomy 3: 219-225.



Notes:  See Rieke (2007) for description of the construction of a detector.

The photodiode is the basis for near-infrared detectors such as InSb and HgCdTe.



Notes:   Figure showing how the long wavelength cut off for HgCdTe can be modified by changing the cadmium 
fraction in the material.



Notes: Although a 4Kx4K array was predicted to be achieved about 2004, such engineering-grade arrays were not achieved until 
2012 and science-grade arrays about 2015 (D. Hall).  This indicates that the practical limits of achieving ever larger arrays has 
been reached.  The high cost of fabricating these arrays is also a factor and very few projects need or can afford larger infrared 
arrays.

Reference: Hoffman, A. W. et al. (2004). Megapixel detector arrays: visible to 28 µm. Focal Plane Arrays for Space Telescopes. 
SPIE, 5167: 194-203.
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Notes: 
Detailed discussion of H2RG arrays.  Readout, noise, QE.
Nearly perfect detector.
Use in ground-based and space observatories.



Notes:   Figure from Beletic et al. (2008) illustrating the technique of bonding a detector array to a readout circuit.  
Unlike a CCD, each pixel is connected to an amplifier to detect and readout the charge.  The reason for this 
approach is that the readout circuit is constructed out of silicon, while the detector material is made from InSb or 
HgCdTe.  A CCD, on the other hand, can be constructed entirely out of silicon.

Indium is used for the electrical connection because it is a soft material and is electrically conducting at low 
temperatures.  

Reference: Beletic, J. W. et al. (2008). Teledyne Imaging Sensors: infrared imaging technologies for astronomy and civil space. 
High Energy, Optical, and Infrared Detectors for Astronomy III., SPIE, 7021, 70210H.



Notes:  This schematic diagram shows one pixel (one photodiode) of the array and gives you an idea of the complexity of the 
array construction.  The pixel is connected electrically to the readout electronics by an indium bump that is pressed onto the metal 
contact shown on the left.

The active area is only about 10-15 micrometers thick.  The substrate is thinned to maximize throughput.

Reference:  Rieke, G. H. (2007). "Infrared Detector Arrays for Astronomy." Annual Review of Astronomy and Astrophysics 45: 
77-115.



Notes:  Reference:  Rauscher, B. J. (2015). "Teledyne H1RG, H2RG, and H4RG Noise Generator." Publications of the 
Astronomical Society of the Pacific 127: 1144.

In this diagram the photodiode is shown using the standard symbol of a diode plus a “parasitic” capacitor inherent in any diode.
The MOSFET (metal oxide semiconductor field effect transistors) in the circuit are used as switches and as a source follower 
amplifier. Ørst and Øselect are switches to control the reset voltage applied to the detector and the selection of the 
detector for reading out.

The light blue square represents the photodiode.  The location of the indium bump that establishes the electrical 
connection to the multiplexer is shown.

Since MOSFET transistors are used, the signal level can be measured non-destructively.  This is a significant factor 
that allows for the reduction of noise.



Notes:  This figure shows two MOSFETs as switches.



Notes:  This figure shows two MOSFETs as switches.

It is remarkable that this circuit can operate at temperatures as low as 30K and provide detection down to a 3-5 electrons.



Notes: 



Notes: 



Notes: 



Notes: 



Notes: 



Notes: 
Rieke, G. H. (2007). "Infrared Detector Arrays for Astronomy." Annual Review of Astronomy and Astrophysics 45: 77-115



Notes:  This chart shows test results for the JWST NIRSpec H2RG arrays.  Note the read noise and dark current.  The quantum 
efficiency is between 0.8 and 1.0.  These detectors are therefore nearly ideal.

Reference:  Rauscher, B. J. et al. (2014). "New and Better Detectors for the JWST Near-Infrared Spectrograph." Publications of 
the Astronomical Society of the Pacific 126: 739.



Notes:  Reference: Loose, M. et al. (2003). HAWAII-2RG: a 2k x 2k CMOS multiplexer for low and high background astronomy 
applications. IR Space Telescopes and Instruments. J. C. Mather, SPIE. 4850: 867-879.



Notes:  Reference: Beletic, J. W. et al. (2008). Teledyne Imaging Sensors: infrared imaging technologies for astronomy and civil 
space. High Energy, Optical, and Infrared Detectors for Astronomy III, SPIE. 7021: 70210H.



Notes:   Reference:  http://www.teledyne-si.com/pdf/SIDECAR%20ASIC%20Dev%20Kit%20Brochure%20-
%20Jan_2017_V1.0.pdf

This is the specs for a ground-based application.  For JWST the SIDECAR ASIC dissipates less the 8 mW of power.



Notes: Reference: http://www.teledyne-si.com/pdf/SIDECAR%20ASIC%20Dev%20Kit%20Brochure%20-
%20Jan_2017_V1.0.pdf

Blue shaded area shows the cryostat.  The detector (SCA) and the ASIC are cooled inside of the cryostat.  The ASIC is controlled
by the host computer through an interface card called the SIDECAR Acquisition Module.



Notes:  Image shown is a H2RG array controller built at the NASA Infrared Telescope Facility.  



Notes:   Images from Teledyne and D. Hall.



Notes:  This slide shows the progression of HdCdTe array development to ever larger arrays and capability (D. Hall, private 
communication).  The principal investigator for these arrays is Donald Hall at the Institute for Astronomy, University of Hawaii.  
He worked closely with Teledyne Imaging Systems since 1994 to develop these arrays.



Notes: Images from Teledyne and D. Hall.



Notes: Images from Teledyne and D. Hall.



Notes:  Photo from D. Hall.
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