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Physical Cosmology Roadmap

CCD-based detectors

— The Dark Energy Survey

• Observations with the Dark Energy Camera (2013 – 2019)

• DECam operation continues with 1+ million images to date

— The Dark Energy Spectroscopic Instrument (2019 – present)

— Rubin LSST Camera (1st light 2025)

The vast majority of the CCDs in the above 

instruments are “Fully depleted”, with the exception 

being the  “blue-sensitive” CCDs in DESI
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Dark Energy Camera CCDs and Image

Cerro Tololo Inter-American Observatory 4-m Blanco Telescope

1st light Sept 2012 / Lead Laboratory:  FermiLab

520 Mpixel Camera (64 x 2k x 4k, 15 um pixels)

CCDs from Teledyne DALSA Semiconductor and LBNL Full moon for scale
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Dark Energy Camera (DECam)

Brenna Flaugher

Distinguished Scientist (FermiLab)

Led the development of DECam

Dark Energy Camera (DECam)

CCDs from Teledyne DALSA Semiconductor and LBNL

250 um thick, fully depleted



EDIT 2024 5
November 18th, 2024

Massively multiplexed, multi-object fiber-fed spectrograph

NOIRLab Kitt Peak Mayall 4-m Telescope 

1st light October 2019

Lead Laboratory: Lawrence Berkeley National Laboratory

The Dark Energy Spectroscopic Instrument
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The Dark Energy Spectroscopic Instrument

Artist’s rendering

Light reflecting off the 

telescope mirror to the 

optical corrector

Credit: Dongjae “Krystofer” Kim/Kryated.com, DESI collaboration, 
U.S. DOE Office of Science, Lawrence Berkeley National Lab
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The Dark Energy Spectroscopic Instrument

5000 fiber 

positioners
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The Dark Energy Spectroscopic Instrument

Artist’s rendering

The light is transmitted 

through 50 m of optical 

fibers to the spectrographs

Credit: Dongjae “Krystofer” Kim/Kryated.com, DESI collaboration, 
U.S. DOE Office of Science, Lawrence Berkeley National Lab



EDIT 2024 9
November 18th, 2024

The Dark Energy Spectroscopic Instrument

Artist’s rendering

The light is transmitted 

through 50 m of optical 

fibers to the spectrographs Artist’s rendering

10 Spectrographs
480 Mpixels: 30 x 4k x 4k (15 um pixel) CCDs

Semiconductor Technology Associates (STA) / DALSA

U of Arizona Imaging Technology Lab (blue)

DALSA/LBNL (red / near infrared)

Credit: Dongjae “Krystofer” Kim/Kryated.com, DESI collaboration, 
U.S. DOE Office of Science, Lawrence Berkeley National Lab

150-mm wafer

DALSA/LBNL

Artist’s rendering
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BOSS spectrograph / pre DESI

Aluminum plates with 1000 precisely placed 

holes for manual connection to the optical fibers

1.5M spectra taken Fall 2009 – Spring 2014

DESI: ~ 1 million spectra / month
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Outline

Vera C. Rubin LSST Camera

Installation in 2025 at the Vera C. Rubin LSST Observatory (8-m telescope)

Lead Laboratory: SLAC National Accelerator Laboratory

3 Gpixel camera (189 x 4k x 4k, 10 um pixels)

The world’s highest resolution digital camera 

Vera C. Rubin LSST Camera
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Outline

0.64 m

CCDs from e2V and 

Semiconductor Technology Associates / DALSA / 

University of Arizona Imaging Technology Laboratory
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EDIT 2024 CCD talk

Remainder of the talk

• Invention of the CCD

• Brief history of scientific CCD development

• Fully depleted CCDs

• Light absorption / charge generation

• High red-shift Quasar & SuperNovae detection

• CCDs for Dark Matter
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• The head of the Semiconductor Division Williard Boyle† was 
tasked to develop a semiconductor memory device to 
compete with magnetic bubble memories (also Bell Labs)

— Magnetic domains propagate due to magnetic field gradients

— Essentially a magnetic serial shift register

• Group leader George E. Smith met with Boyle on 17Oct1969

—“In a discussion lasting not much more than an hour, the basic 
structure of the CCD was sketched out on the blackboard, the 
principles of operation defined, and some preliminary ideas 
concerning applications were developed.”

Bell Telephone Laboratories 1969

http://aip.scitation.org/doi/full/10.1063/1.3578638

http://aip.scitation.org/doi/full/10.1063/1.3578638
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Boyle and Smith lab notebook drawing Sept. 1969

T
im

e

• Confine electrons or holes in potential wells
• Metal Oxide Semiconductor capacitors

• Dashed line is the depletion edge

• Shift the charge via clocking of closely spaced electrodes

• “Charge coupling”
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Charge-coupling simulation

Polycrystalline silicon electrodes (leads)

Electrostatic potential vs lateral distance

Simulated potential along dashed line above

Silicon substrate
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• 10 um thick membrane

• Back illuminated

Image from 1978 

Int. Solid State Circuits Conf. 

paper (Link)

Credit: Jim Janesick and 

http://www.digicamhistory.com/

Texas Instruments 800 x 800 CCD
Developed for Hubble Space Telescope

https://ieeexplore.ieee.org/stamp/stamp.jsp?arnumber=1155771
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The Palomar Observatory Four-shooter camera

• A camera with 4 TI 800 x 800 CCDs was developed to gain experience prior 
to the Hubble launch (PI James Gunn)

“… a survey for high-redshift quasars has been carried out …The instrument 
has produced images for the most distant clusters of galaxies yet discovered as 
well as spectra of the most distant galaxies yet observed.”

1987 publication
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90 min exposure with film

Quantum efficiency ~ 1%

4-m Mayall Telescope

5 minute exposure 

Four-Shooter camera

200” (5.08 m) Palomar 
telescope

The Palomar Observatory Four-shooter camera



EDIT 2024 21
November 18th, 2024

90 min exposure with film

Quantum efficiency ~ 1%

4-m Mayall Telescope

The Palomar Observatory Four-shooter camera

5 minute exposure 

Four-Shooter camera

200” (5.08 m) Palomar 
telescope
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EDIT 2024 CCD talk

Remainder of the talk

• Invention of the CCD

• Brief history of scientific CCD development

• Fully depleted CCDs

• Light absorption / charge generation

• High red-shift Quasar & SuperNovae detection

• CCDs for Dark Matter
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Fully depleted CCDs 101

CCD fabricated on a high-resistivity
silicon substrate that is fully depleted
by the application of a substrate bias

• Merging of CCD / p-i-n detector
HEP spinoff

• Typical thickness for astronomy 
200 – 250 µm 

• Thick device results in 
High near-infrared response

• Main advantage for astronomy
Reduced “fringing” 
Detect high redshift objects

Not to scale
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Dark Energy Camera CCDs and Image

10 – 20 um thick, partially depleted CCD

250 um thick, fully depleted CCD (DECam, DESI red/near-IR)
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Fringing in thinned CCDs

Fringing – Multiply reflected light in 10 – 20 µm thick CCDs
Uniform illumination (R. Stover / M. Wei Lick Observatory)

l = 8000A                     9000A                 10,000A

~  40%
(Laboratory)

For 250 m thick 

DECam CCDs, the 

fringing is negligible
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HyperSuprimeCam – 116 2k x 4k, (15 µm)2-pixels

Fabrication at Hamamatsu Corporation

Satoshi Miyazaki, Yukiko Kamata et al

200 um thick, fully depleted CCDs

Subaru 8-m Telescope (Fall 2012)

870 Mpixels

PS1 camera – 60 5k x 5k, (10 µm)2-pixels

Fabrication at MIT Lincoln Laboratory

(John Tonry, Barry Burke† et al)

75 um thick, fully depleted CCDs

Pan-STARRS telescope (2010) 

Parallel to the DECam Development

The Pan-STARRS and HyperSuprimeCam CCD cameras
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Quasar Redshift
Dark Energy Spectroscopic Instrument

Cosmological Redshift:   𝑧 + 1 =
𝜆𝑜𝑏𝑠
𝜆𝑟𝑒𝑠𝑡
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H Lya emission lrest = 1216A : 

Quasars (Active Galactic Nuclei) & 

Lya Galaxies

Thick CCDs can detect Lya

emission to z ~ 7

High near-IR QE 

Negligible fringing
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DECam detection of Z ~ 7 galaxies

Lyα Galaxies in the Epoch of Reionization (LAGER)
Spectroscopic confirmation of 15 Z ~ 7 Lyα galaxies

Narrow band filter tuned to Lyα at Z ~ 7 (DECam)

Follow up spectroscopy at Keck/LRIS

500 um thick, fully depleted CCDs (DALSA/LBNL)
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DECam detection of Z ~ 7 galaxies
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The discovery of “Dark Energy”
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• DES Supernova talk from the 2024 AAS Meeting

• ~ 1500 Type 1a Supernovae spectroscopically confirmed

— Compare to 42 for the original Berkeley group report

— Supernova Cosmology Project (SCP)
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Large population of high redshift supernovae

Enabled by DECam and the near-infrared sensitive CCDs
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https://noirlab.edu/science/library/p

ublications/dark-energy-

camera/decam-science-papers

https://noirlab.edu/science/library/publications/dark-energy-camera/decam-science-papers
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EDIT 2024 CCD talk

Remainder of the talk

• Invention of the CCD

• Brief history of scientific CCD development

• Fully depleted CCDs

• Light absorption / charge generation

• High red-shift Quasar & SuperNovae detection

• CCDs for Dark Matter



EDIT 2024 39
November 18th, 2024

Dark Matter detection with CCDs

Proposed by Juan Estrada et al of FermiLab (2008)
• https://doi.org/10.48550/arXiv.1105.5191 

• Thick CCDs for larger mass/CCD

• Low noise / improves low-energy detection threshold

• Si bandgap ~ 1.1 eV

• Electron counting with Skipper CCD readout amplifiers

• Nuclear recoil (left) or scattering off electrons (right)

Si

https://doi.org/10.48550/arXiv.1105.5191
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Dark Matter detection with CCDs

1st underground engineering run / one 4 Mpixel DECam CCD
• https://doi.org/10.1016/j.physletb.2012.04.006

• 2 e- noise (2012)         now deep sub-electron (Skipper CCDs)

• 250 um thick (2012)          now 650-725 um (all fully depleted)

• Dark current orders of magnitude less than astronomy CCDs

• All processing at foundry

• “Inexpensive”

• SENSEI / DAMIC-M / OSCURA are 0.1/1/10 kg scale 

https://doi.org/10.1016/j.physletb.2012.04.006
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CCD development for Dark Matter

SENSEI

CCD 

fabrication 

complete 

March 2019      

SENSEI@SNOLAB

SENSEI@SNOLAB

2 km underground

100 g scale experiment

1 lot of 25 wafers

Full fabrication at DALSA

6k x 1k / (15 um)2 / 650 um thick

100 g scale
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CCD development for Dark Matter

DAMIC-M production CCDs

1 kg scale dark matter

DALSA production complete

DAMIC-M R&D CCDs

650 um thick, fully depleted CCDs

150-mm wafers

6k x 4k’s in use at SNOLAB 

See DAMIC-M web site

https://damic.uchicago.edu/

https://damic.uchicago.edu/
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6k x 4k CCD for DAMIC@SNOLAB / Alvaro Chavarria (U Washington)
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580 um thick, back-illuminated CCD

LBNL-processed 6k x 4k CCD:  Thin n+ backside contact / no AR

1 hour dark / 60V / 120K

University of Chicago
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3H detection with thick, BI, FD CCDs

• GRAIL focal plane for radiation detection (PNNL)

• 4 1k x 6k, 580-um thick back-illuminated CCDs

• Mix of finishing at LBNL and Lincoln Laboratory

• Lincoln Labs molecular-beam epitaxy backside
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OSCURA
Observatory of Skipper CCDs Unveiling Recoiling Atoms

• Technology transfer of the LBNL p-channel fully depleted 

technology to Microchip Technology (above left) and Lincoln 

Laboratory (above right)

• 200 mm wafers with step-and-repeat photolithography

• 10 kg scale (~20k 1Mpix CCDs, 10x more pixels than Rubin/LSST)

CCD development for Dark Matter
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Dark Matter detection with CCDs

• Fully depleted CCDs for dark-matter detection cont’
• Particle identification for background suppression

• Spatial correlation and energy measurement
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Dark Matter detection with CCDs

• Fully depleted CCDs for dark-matter detection cont’
• Radioactive contamination in the silicon substrate

• Decay chain products spatially correlated (double b event below)

• Candidate 32Si – 32P event

• Cosmogenic activation of silicon

• Rejected by spatial / energy / decay time 

correlation

https://iopscience.iop.org/article/10.1088/1748-0221/10/08/P08014

https://iopscience.iop.org/article/10.1088/1748-0221/10/08/P08014
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Key developments for Dark Matter CCDs

• Single-electron counting

• Skipper CCD amplifiers

• High-voltage compatible CCD design / Very 

high-resistivity Float-zone silicon

• Gettering for low dark current

• Single-electron event rate

CCD development for Dark Matter
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• Multiple, nondestructive reads of the charge (floating-gate)

• Noise ∝ Inverse square root of the number of samples

—1990 results

• 0.5 e- noise

• Invented by Jim Janesick
• U.S. patent 5250824 (1993)

• Based on the floating-

gate amplifier (1970’s)

https://doi.org/10.1117/12.19452

https://doi.org/10.1117/12.19457

Skipper CCDs for Dark Matter Detection

https://doi.org/10.1117/12.19452
https://doi.org/10.1117/12.19457
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Floating-gate amplifier

• LBNL implementation (floating-gate amplifier)
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Version 2 Skipper CCD tested at FermiLab

• 2nd version (LDRD 2013)

• 0.068 e- after 4k samples (2017)

FG amplifier CCDs

https://doi.org/10.1103/PhysRevLett.119.131802

https://doi.org/10.1103/PhysRevLett.119.131802
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Version 2 Skipper CCD tested at FermiLab

• 2nd version (LDRD 2013)

• Low-level light charge histogram (FermiLab)

FG amplifier CCDs
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Skipper-CCD basics

Measurements and animation from FermiLab
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Key developments for Dark Matter CCDs

• Single-electron counting

• Skipper CCD amplifiers

• High-voltage compatible CCD design / Very 

high-resistivity Float-zone silicon

• Gettering for low dark current

• Single-electron event rate

CCD development for Dark Matter
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Dark Matter detection with CCDs

• CCD mass is limited by the standard wafer thickness 

• 675 µm for 150 mm, 725 µm for 200 mm wafer

• Depletion voltage goes as (thickness)2 and (resistivity)-1

• Two advances for thick CCDs

• LBNL high-voltage compatible CCD designs
• DOI: 10.1109/TED.2009.2030631 and https://doi.org/10.1117/12.672393

• Improvements in the production of float-zone silicon

• Higher resistivity / lower depletion voltage

pn junction depletion voltage

https://doi.org/10.1109/TED.2009.2030631
https://doi.org/10.1117/12.672393
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Enabling technology: Float-zone silicon

Blue table entries are 
150-mm diameter
Red are 200-mm 
diameter wafers

Si Ingot

Melt

Zone

Heater

Link to Topsil Float-Zone silicon

Year 

Acquired

Topsil

Crystal #
Resistivity r

(kW-cm)

Lifetime t
(ms)

2009 2142946 5.5 – 7.0 4.4

2009 2143310 5.0 - 6.0 16.3

2009 2144322 14.0 - 20.0 3.4

2014 22-0572-10 20.0 - 28.0 7.3

2015 33-0203-20 22.0 - 26.0 21.4

2019 31-1062-10 > 10.0 22.4

2020 33-1751-30 > 10.0 18.9

2020 32-1345-20 18.0 – 20.0 23.5

2020 34-1802-10 17.7 – 22.4 18.4

http://www.topsil.com/media/142192/pfz_product_note_september2014.pdf
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Enabling technology: Float-zone silicon
Si Ingot

Melt

Zone

Heater

Vdepl ~ 90 – 120V for 

15 – 20 kohm-cm and 

725 um thick (200 mm)
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MEDICI simulations

Potential minimum (collecting phase)

• Relatively insensitive to Vsub

• Capacitor voltage divider effect

• Wide range of Vsub possible

Vsub = 80V

Vsub = 30V
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Fully depleted CCDs / 2D simulations
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Key developments for DM CCDs

• Single-electron counting

• Skipper CCD amplifiers

• High-voltage compatible CCD design / Very 

high-resistivity Float-zone silicon

• Gettering for low dark current

• Single-electron event rate

CCD development for Dark Matter
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Parameter DESI SENSEI1

CCD format

Thickness

4k x 4k (15 um)2

250 um

6k x 1k (15 um)2

650 um

Read noise 2.5 – 3.0 e- rms 0.13 e- rms
See note 1

Dark current ~ 1 e-/pixel-hour

(133K)

~ 1.4 x 10-5 e-/pix-day
(~ 140K)
See note 2

Exposure time 15 minutes 20 hours

Readout time 1 minute 7.7 hours

1

DESI (astronomy) vs SENSEI (DM)

Note 1:  Skipper CCD with 300 samples / pixel

Note 2:  Improved Cold Cu shielding / SNOLAB

Number quoted is the single-electron event rate

https://arxiv.org/abs/2410.18716

https://arxiv.org/abs/2410.18716
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DESI (astronomy) vs SENSEI (DM)
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Dark Current

• Dark current from the substrate is determined by extremely 

low levels of metal impurities 

• In the early semiconductor days metals in Si were referred to 

as “Deathnium” (William Shockley)

• P in silicon can bond with 

metals, also disorder 

such as polycrystalline Si

• We use in-situ doped (P) 

polysilicon to trap metal 

impurities introduced 

during the fabrication 

process
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Dark Current

• Diode dark current with / without gettering

— Backside in-situ doped (P) polysilicon (ISDP)
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• Dark current for high-r silicon pin diodes

• Comparison study of various 

gettering methods (1997)

• https://www.sciencedirect.com/scie

nce/article/pii/S0168900297006128

Gettering Process for High-r silicon

https://www.sciencedirect.com/science/article/pii/S0168900297006128
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Parameter DESI SENSEI1

CCD format

Thickness

4k x 4k (15 um)2

250 um

6k x 1k (15 um)2

650 um

Read noise 2.5 – 3.0 e- rms 0.13 e- rms
See note 1

Dark current ~ 1 e-/pixel-hour

(133K)

~ 1.4 x 10-5 e-/pix-day
(~ 140K)
See note 2

Exposure time 15 minutes 20 hours

Readout time 1 minute 7.7 hours

1

DESI (astronomy) vs SENSEI (DM)

Note 1:  Skipper CCD with 300 samples / pixel

Note 2:  Improved Cold Cu shielding / SNOLAB

Number quoted is the single-electron event rate

https://arxiv.org/abs/2410.18716

https://arxiv.org/abs/2410.18716
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Multiple-amplifier sensing CCD

M amplifiers in series where M = 8 or 16 in the first LBNL prototype

• Single read per amp / Noise reduction of square root of M

• ~ 1e- noise for 16 amplifiers achieved (single read)

• Overhead in time to read the first pixel per row, after that the 

pixels are read out as in a conventional CCD
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Encouraging results with the MAS prototype 16-ch CCDs

Experimental results
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4 x 16 MAS CCD design in progress

Thank you for your attention
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CCD fabrication

• Industrial fabrication at Teledyne DALSA

— Commercial CCD foundry located in Bromont, 

Quebec, Canada / 150 mm silicon wafers

• Dark Matter detection:  Full fabrication at DALSA

• For back illuminated CCDs, the wafers are partially 

processed at DALSA with the steps needed for back 

illumination done at the LBNL MicroSystems Lab
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High-voltage compatible CCDs

• Spatial resolution in fully depleted CCDs goes as ~ 1/(Vsub)
-1/2

• Carrier transit time (holes)
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• CCDs were introduced in 1972 by Bell Labs to NASA as a potential detector for 
the proposed Large Space Telescope (later the Hubble Space Telescope)

— NASA was considering film and vidicons

• 10 year R&D effort with the NASA Jet Propulsion Laboratory and Texas 
Instruments to develop buried-channel, back-illuminated CCDs

• In 1976 JPL introduced the CCD to astronomers with the “traveling camera”

— Texas Instruments 400 x 400 CCD with 15 um pixels

J. R. Janesick, Scientific Charge-Coupled Devices, SPIE Press, 2001

Development of Scientific CCDs at NASA/JPL
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• CCDs were introduced in 1972 by Bell Labs to NASA as a potential detector for 
the proposed Large Space Telescope (later the Hubble Space Telescope)

— NASA was considering film and vidicons

• 10 year R&D effort with the NASA Jet Propulsion Laboratory and Texas 
Instruments to develop buried-channel, back-illuminated CCDs

• In 1976 JPL introduced the CCD to astronomers with the “traveling camera” 

— Texas Instruments 400 x 400 CCD with 15 um pixels

J. R. Janesick, Scientific Charge-Coupled Devices, SPIE Press, 2001

Development of Scientific CCDs at NASA/JPL

circa 1975

Credit: Jim Janesick and 

http://www.digicamhistory.com/
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HST Camera proposal

• The contract for the first Hubble Space Telescope CCD camera was 
awarded in 1977 to a team led by James Westphal†

— California Institute of Technology

• Subcontractor was NASA Jet Propulsion Laboratory 

• The CCD proposed for the camera was the TI 800 x 800 (4 x 800 x 800)

Credit: Jim Janesick and 

http://www.digicamhistory.com/
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The Palomar Observatory Four-shooter camera

• A 30 minute exposure on the Four-Shooter camera is shown above

• CCDs are cooled to reduce the “dark current” (silicon surface and bulk)
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CCD Linearity

• CCDs have a linear response to the input light level and high dynamic range

• “Photometry”:  Quantitative measure of the amount of light collected

— Unit is electrons (one electron per photon in the visible-near IR)

• Charge converted to voltage on-chip with a few electrons read noise

TI 800 x 800
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CCDs for Astronomy

• Thinned and back-illuminated

• 10 – 20 microns thick

• Thick and fully depleted

• 250 – 650 microns thick

• Fully depleted with bias voltage

• Note the difference in resistivity
• Conventional silicon ~ 50 W-cm

• p-type doping ~ 3 x 1014 cm-3

• Float-zone refined silicon 10 - 20 kW-cm

• n-type doping ~ 2 - 4 x 1011 cm-3
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CCDs for Astronomy

• Thinned CCDs: Electrostatic potential at surface

• 1-D solution of the Poisson Eq (depletion approx)

Potential maximum some distance 

into the silicon bulk and away from 

trapping sites at the surface / due to 

the buried channel that is doped 

opposite to that of the substrate
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Charge generation

+ : Ionized donor atoms with single + charge (Density ND in cm-3)

+                    +                    +                    +                    +

+                    +                    +                    +                    +

- - - - -

- - - - -

- : Ionized acceptor atoms with single - charge (Density NA in cm-3)

Electric field in the n-type substrate ~ ND x (space charge)

Potential drop across the depleted region VD ~ ND xD
2 (Poisson Eq)

Large depleted thickness xD requires low doping ND

x direction
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Redshift

Credit: European Space Agency

H Lya emission lrest = 1216A : 

Quasars (Active Galactic Nuclei) & Lya Galaxies

Thick CCDs can detect Lya emission to z ~ 7

Probe the Reionization Era

Credit: Wikipedia

Hydrogen Spectral Series
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3H detection with thick, BI, FD CCDs

• GRAIL project with PNNL, LBNL, FermiLab, Lincoln Laboratory

• ~ 2 keV β-electron detection
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p-type channel

n-type substrate

Charge-collection simulation

p-n junction at the surface creates 

a potential minimum away from 

the surface and the interface traps

Buried-channel CCD

Electrostatic potential vs depth 

Simulated potential along dashed line above

Polycrystalline silicon electrodes (leads)

Silicon substrate
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TEM cross-sectional image

Backside layers:  LBNL CCDs

SiO2

ZrO2

ITO

In-situ doped polysilicon

Silicon substrate

n+ polysilicon

High-r n-type substrate

AR coating design by Don Groom
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VR

MR

M1

VRG

VDD

GND

VOUT

RL

VSUB

Cgd,M1

CM

Cgd,MR

FD
p-channel

CP

CFD

CCD amplifier noise

Floating diffusion

Diode sense node
Output transistor M1
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CCD amplifier noise

Noise in electrons Qn depends on

1) SF transistor M1 noise

2) Total capacitance at the

floating diffusion

White noise in M1 is given by

Reduce CT and/or improve the 

transistor (gm) to reduce noise
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Read noise reduction

• Technology development with Teledyne DALSA Semiconductor

Conventional amplifier with aluminum 

connection to source follower transistor 

Direct connection of source follower 

polysilicon gate to sense node and an 

output transistor with reduced width

CCD Noise



EDIT 2024 90
November 18th, 2024

Conventional with aluminum 
connection to source follower 
transistor 

Polysilicon

Silicon substrate

Cross-sectional SEM

SiO2

Read noise reduction

• Technology development with Teledyne DALSA Semiconductor

CCD Noise

Direct connection of source follower 

polysilicon gate to sense node and an 

output transistor with reduced width

Cross-sectional SEM
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Correlated double sampling

Presently

Ohio State

ECE Prof.

https://ece.osu.edu/news/2010/10/marvin-white-joins-ece-faculty
https://ece.osu.edu/news/2010/10/marvin-white-joins-ece-faculty
https://ece.osu.edu/news/2010/10/marvin-white-joins-ece-faculty
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Correlated double sampling

Another key invention from the 1970’s:

Correlated Double Sampling: 

Eliminate kTC noise from the reset switch

10 V/e- conversion factor implies 15 fF

kTC noise would be about 49 electrons!

Scientific CCDs achieve a few e- noise

Method:

1) Measure reset level

2) Transfer charge to the sense node

3) Measure signal

4) Subtract reset from signal

1M.H. White, D.H. McCann, I.A.G. Mack, F.C. Blaha, U.S. Patent 3,781,574, Dec. 1973

Link to patent and paper

https://patents.google.com/patent/US3781574
http://ieeexplore.ieee.org/document/1050448/
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Scientific CCD typical operation

Charge is transferred from the imaging area a row 

at a time into serial registers where the charge is 

shifted to source follower amplifiers that convert the 

charge to voltage (noise determined at this step)

Diode sense node

“Floating diffusion”
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False color image of a 2 square degree region of the LAGER survey field, created from images taken in the optical at 
500 nm (blue), in the near-infrared at 920 nm (red), and in a narrow-band filter centered at 964 nm (green). The last is 
sensitive to hydrogen Lyman alpha emission at z ~ 7. The small white boxes indicate the positions of the 23 LAEs 
discovered in the survey. The detailed insets (yellow) show two of the brightest LAEs; they are 0.5 arcminutes on a 
side, and the white circles are 5 arcseconds in diameter.

Credit: Zhen-Ya Zheng (SHAO) & Junxian Wang (USTC).  NOIRLAB


