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	A Zero Noise Detector for TMT
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	Simulated images of the Arches Cluster near the Galactic Center based on Keck/LGSAO data. The image on the left has read noise comparable to that in detectors currently planned for TMT. The image on the right has zero read noise.
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	executive summary

The key objective of Rochester Institute of Technology's proposed project is to develop a new type of imaging detector that will enable the most sensitive possible observations with the World’s largest telescopes, i.e. the TMT. The detector will effectively quadruple the collecting power of the TMT, compared to detectors currently envisioned in TMT instrument studies. The device would have fundamental importance in ground-based and space-based astrophysics, Earth and planetary remote sensing, exo-planet identification, consumer imaging applications, and homeland safety, among many others. Measurable outcomes span a wide range, commensurate with the large number of fields that the detector will impact. They include being able to see further back into the infancy of the Universe to taking a better picture (less grainy) of a smiling child blowing out the candles at her birthday party. 

The detector will be quantum-limited (zero read noise), be resilient against the harsh effects of radiation in space, consume low power, operate over an extremely high dynamic range, and be able to operate with exposure times over one million times faster than typical digital cameras. 

Now is the time to build such a transformative device due to a confluence of independent technological advances. These include the miniaturization of electronics and the advancement of photon-counting circuits. Rochester Institute of Technology and Lincoln Laboratory are natural partners for this project, given their heritage in imaging science and cutting edge detectors. 

The detector is on the cutting edge of what is possible and represents “early stage” technology. While it does not fit comfortably within the grant criteria for many federal agencies, i.e. NASA, it would make an excellent fit for the Moore Foundation philosophy of funding transformative technologies that represent extraordinary potential impact. While the underlying technology behind this detector has been funded to the early prototype stage, we intend to advance this prototype specifically for photon-counting, instead of high-speed ranging applications.

We propose to build the new detector in a 24-month phased program: 1) design, 2) fabrication, 3) test. Our team consists of personnel from RIT and Lincoln Labs (LL). The design is based on Geiger-Mode Avalanche Photodiode (GM-APD) circuitry developed at LL. Once fabricated, we will test the performance of the device in three relevant environments: 1) in our detector testing facilities in the Rochester Imaging Detector Laboratory, 2) in a radiation beam, and 3) at an astronomical telescope. At the conclusion of all activities, we will report on the measured capabilities of this detector technology for a variety of applications, especially the TMT.


1.0 Introduction
Detectors often limit science return for the most ambitious observatories, especially for those seeking to detect the faintest signals from the farther reaches in the Universe. This has been true for the Keck and Hubble Space Telescope (HST), and it appears that it will be true for a host of future missions, e.g. the Thirty Meter Telescope (TMT) and the James Webb Space Telescope (JWST). Although they span a large range of wavelengths, these observatories all have one thing in common, that is they require detectors with the lowest possible noise so that the faintest objects can be detected with sufficient signal-to-noise ratios. For instance, the InfraRed Imaging Spectrograph (IRIS) on TMT and the near-infrared spectrograph (NIRSpec) on JWST will both be detector noise limited for observations of faint objects. 
	Figure 1. The Importance of Read Noise in Imaging
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	Images of the Arches cluster near the Galactic center, based on real data obtained with Keck/LGSAO. Each image has synthetic shot noise and increasing read noise (left to right and top to bottom: 0, 5, 10, 100 electrons). The yellow circles highlight faint stars that are only detected with the zero read noise detector. 


Figure 1 demonstrates the importance of read noise in low flux applications. The panels show images of a massive young star cluster near the center of our Galaxy, as imaged by Keck with Laser Guide Star Adaptive Optics, with varying levels of read noise. These figures give a dramatic demonstration that read noise matters. In particular, note that the faintest (and perhaps most interesting) objects in the upper left panel are completely lost even in the panel with state-of-the-art read noise in the upper right panel. As one can see, a detector with zero read noise will dramatically reduce exposures times and increase the reach of a telescope. As an example, the near-infrared spectroscopic portion of the JWST mission could be done in a factor of five shorter time with a zero read noise detector, instead of the technology that will fly.
Figure 2 demonstrates the dramatic value of a zero read noise detector for observations of the faintest objects. Here, we see that one would need a 60-m telescope with today’s detector technology to match the power of a 30-m telescope with a zero read noise detector. Put in simplistic terms, for the low light level application considered, a zero read noise detector could effectively double the size of the TMT!
	Figure 2. Effective Telescope Size vs. Read Noise

	[image: image10.emf]20

30

40

50

60

70

80

0 1 2 3 4 5 6

Read Noise (electrons)

Telescope Diameter (m)



	This plot shows a curve of constant sensitivity for a range of telescope diameters and detector read noise values in low-light applications. A 30 meter telescope and zero read noise detector would deliver the same signal-to-noise ratio as a 60 meter telescope with current detectors.


2.0 Project Objectives
An ideal image sensor would add zero readout noise to the photo-generated charge of a photodetector. Current image sensor designs are often limited by transistor noise. Our plan is to design, fabricate, and measure the properties of a novel detector with an in-pixel photon counting design that allows zero read noise performance while retaining the best properties of state of the art devices. At the end of a two year program, we expect to demonstrate a 64x64 silicon focal plane array having the features listed in the proposed column of Table 1, most notably zero read noise. While the proposed plan will deliver a detector with extraordinary performance, it is a step in a longer range plan to deliver detectors with the qualities described in the “Goals” column of the table. Indeed, we intend for our proposed design to be scalable, thus enabling larger formats, colder operation (for near- and mid-infrared applications), and smaller pixel size.
3.0 Principles of Design
An avalanche photodiode (APD) operated in Geiger-mode (GM) produces a digital pulse directly from the photodiode in response to a single photon, i.e. digitization is done in-pixel (see Figure 3). The APD must be charged to several volts above the breakdown voltage. Avalanche initiation causes the device to discharge to the breakdown voltage and then turn off. With appropriate biasing, the resulting voltage pulse is compatible with CMOS levels, allowing the APD to be connected directly to digital logic circuits that register the detection event. Detectors based on this principle digitize photon arrival times or rates within the pixel circuit; therefore, they have quantum-limited sensitivity and zero readout noise. While the GM-APD needs tens of volts to be biased in the Geiger mode, only digital-like voltage transitions are required to operate the detector, thereby avoiding the power dissipation and mass associated with analog circuits. 

	Table 1. Proposed Detector Performance

	Parameter
	Current
	Proposed
	Final Goal

	Format
	32x32
	64x64
	1024x1024

	Pixel Size
	50 m
	50 m
	20 m

	Read Noise
	zero
	zero
	zero

	Dark Current (@14 K)
	unknown
	<10-3 e/s/pixel
	<10-3 e/s/pixel

	QE (350nm,650nm,1000nm)a
	45%,65%,5%
	45%,70%,25%
	55%,90%,35%

	Latent Image in 1000 seconds (after full well)
	unknown
	measurement
	zero

	Flux Rate Capacity
	unknown
	>108 /s/pix
	>108/s/pix

	Operating Temperature
	293 K
	90 K – 293 K
	20 K – 293 K

	Fill Factor  (w/o lenslet)
	25%
	100%
	100%

	Radiation Limit
	unknown
	50 Krad(Si)b
	10 Mrad(Si)b

	Susceptibility to Radiation Transients
	unknown
	immeasureableb
	immeasureable

	Technology Readiness Levelc
	2
	3
	4

	aProduct of internal QE and probability of initiating Geiger mode. Does not assume anti-reflection coatings. 

bOffset shifts shall be accommodated in the pixel with zero additional noise for radiation exposures up to the stated level. There shall be zero increase in noise from local displacement damage.

c4 is component and/or breadboard validation in laboratory environment.


	

	Figure 3. Schematic representation of APD pixel.


Lincoln Laboratory has been developing ever-larger arrays of silicon GM APDs hybridized to MOSIS-fabricated CMOS readouts. These devices were used to build a sequence of successively more compact LIDAR (Light Detection and Ranging) imaging systems to perform terrain mapping and foliage penetration from airborne platforms. The sensitivity and noise-free readout supported by the GM focal planes provided significant benefits in system performance.
4.0 Our Design

We propose to build and extensively evaluate a new type of imaging detector that has the properties described in the middle column of Table 1. The most important characteristic in the table is the zero read noise, realized by a GM-APD circuit in each pixel. The design allows back-illumination, providing unity fill factor. The light-sensitive layer will be made of silicon to provide sensitivity at optical/UV wavelengths. This layer will be thick in order to extend operation to infrared wavelengths near 1 m. The Geiger-mode APD will be fabricated on high resistivity silicon (3 to 10 k-cm) material that can be deeply depleted (thickness goal >70 m) for high long-wavelength QE. 
An existing 64X64 pixel adaptive optics photon counting ROIC would be redesigned to operate over switching voltage of 0 to 10 instead of the present 0 to 5 volts. This enables deeper depletion (limit carrier diffusion) and give a better probability of detection while still ensuring the detector is well below breakdown for good quenching (depopulate traps that could cause after pulsing). The ROIC will be integrated together with the GM-APDs and delivered to RIT for thorough test and characterization. 
Finally, we will use information gained from this prototype device to build a full-scale science grade device with a large format, i.e. 1024x1024 pixels with 20 m pitch. The format and pixel size will require that the prototype design be scaled considerably, but we believe that this can be done. A full evaluation of risk should be done at a review to occur before proceeding with fabrication of this scaled design.
5.0 Schedule and Management Plan

The project is broken up in two phases, as shown in Figure 4. In Phase I, we will produce a prototype detector that demonstrates the most important principles of our design. In Phase II, we will produce a large-format science grade detector suitable for deployment in TMT. In the first year, we will design the readout circuit, design and fabricate the detector APDs, and design and build the testing system. In the second year, we will package the detector, integrate it into the test system, and perform testing. 
Our team has expertise in each of the required tasks. PI Donald Figer will have overall responsibility for the project. He has led efforts to build, and use, detectors and detector testing systems for applications similar to those proposed here. Co-I Brian Aull and Bob Reich have designed zero read noise imaging devices, and have managed a series of similar programs. Co-I Zoran Ninkov has packaged and implemented silicon detectors for astronomical use. Co-I Stefi Baum is Director of the Center for Imaging Science at RIT.
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	Figure 4. Project timeline. Phase I includes the design, fabrication, and testing, of the prototype zero noise detector. A final large-format science grade detector will be produced in Phase II.


6.0 Budget and Cost-Sharing
The budget for Phase I is $1.3M over 2.5 years. This includes salaries for project personnel, graduate students, a Post-Doctoral Researcher, equipment, travel, and fabrication costs. The budget for Phase II is estimated at approximately $1.5M over 1.5 years. This includes funding for 1.5 years, covering salaries, equipment, and fabrication costs. 

Approximately $300K overall will be offered as cost-sharing for salaries, including funds from the New York State Foundation for Science, Technology and Innovation, and RIT. In addition, approximately $800K over the past two years has already been spent to enhance facilities in the RIDL that would benefit this project. 
7.0 Facilities

The Rochester Imaging Detector Laboratory (RIDL) is a new facility for designing and evaluating new detectors. It was built two years ago with $1.2M in funds from RIT and New York State, and it is operated by RIT’s Center for Imaging Science. The RIDL contains special facilities and equipment for the proper handling and testing of detectors. These include a permanent class 10,000 clean room, class 100 flow bench, ESD stations, probe station, vacuum pumping systems, 1800 ft2 of laboratory space, optical benches, flow tables, light sources, a monochromator, thermal control systems, cryogenic motion control systems, lab electronics, two data reduction PCs with 16 processors and 32GB RAM, and 16 TB of data storage. The RIDL detector hardware system (see Figure 5) uses a 25(length) X 16 (diameter) cylindrical dewar.
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	Figure 5. Typical test system in the Rochester Imaging Detector Laboratory.


MIT Lincoln Laboratory is a DoD Federally Funded Research and Development Center (FFRDC) operated by MIT (Air Force contract FA8721-05-C-0002). Government property and facilities accountable under this contract will be utilized in the performance of the proposed program consistent with the Government Property clause of the contract. The Laboratory is located at Hanscom Air Force Base in Lexington, Massachusetts and has approximately 2800 employees. 
The MIT Lincoln Laboratory Microelectronics Laboratory (ML) is a $75 M state-of-the-art semiconductor research and fabrication facility supporting a wide range of Lincoln Laboratory programs. The ML is in a specially designed 70,000-ft2 building that has 8100 ft2 of Class 10 space in an interdigitated bay-and-chase arrangement. The clean-room air returns through the chase areas, which offer an additional 8000 ft2 and provide space for machines that are bulkhead mounted.

	
	

	Clean room protocols are stringent, consistent with our need to fabricate complex silicon devices at reasonable yields. 


ADDENDUM
In regards to the following statement in the proposal: “Indeed, we intend for our proposed design to be scalable, thus enabling larger formats, colder operation (for near- and mid-infrared applications), and smaller pixel size.”

Note:

Our development program seeks to deliver optical and infrared detectors that have zero noise and are otherwise desirable for TMT applications, i.e. large format, buttable for large mosaics, small pixel sizes, high QE, etc. We believe that the lowest risk approach to achieving these goals is to start with development of silicon detectors for optical wavelengths in Phase I. This work will be the pathfinder for a transition to infrared materials later in Phase II. As we finish the large format optical devices in Phase II, we will ramp up transition efforts to produce similar devices for detecting infrared wavelengths (1-1.6 um). The outcome of both Phase I and Phase II will be zero noise prototype optical and infrared detectors that are suitable for science imaging, spectroscopy, and wavefront sensing.


































Micrograph of 128x128 pixel prototype readout circuit 


that demonstrated less than 1 electron read no.
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