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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 (15t light 2025)

The vast majority of the CCDs in the above
iInstruments are “Fully depleted”, with the exception
being the “blue-sensitive” CCDs in DESI
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- W Dark Energy Camera CCDs and Image

Cerro Tololo Inter-American Observatory 4-m Blanco Telescope
18t light Sept 2012 / Lead Laboratory: FermilLab

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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Brenna Flaugher
Distinguished Scientist (FermiLab)
Led the development of DECam

Y 1

Dark Energy Camera (DECam)

CCDs from Teledyne DALSA Semiconductor and LBNL

250 um thick, fully depleted
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Focal plane
assembly with
5000 fiber
positioners

Mavyall 4m
telescope

10 spectrographs
(360-980nm)

Massively multiplexed, multi-object fiber-fed spectrograph
NOIRLab Kitt Peak Mayall 4-m Telescope

1st light October 2019
Lead Laboratory: Lawrence Berkeley National Laboratory
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BERKELEY LaAB

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

Dark Energy
Spéctroscopic Instrument |

P E Focal Plan‘g\ NS

actual size

5000 fiber
positioners
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_E':}l |"" The Dark Energy Spectroscopic Instrument

BERKELEY LaAB

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
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_EZ}l |“" The Dark Energy Spectroscopic Instrument

BERKELEY LaAB

Artist's refidert | / 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)

Art sndering

150-mm wafer
DALSA/LBNL

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

March 10, 2022 | Elaina Hancock - UConn Communications

Plates that Helped Map the Universe, Now at \é
UConn -
ocal plane

Distant galaxies, black holes, and more secrets of the universe via tiny holes in aluminum

Cartridge

Fibers

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 £DIT 2024 10
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The world’s highest resolution digital camera
Vera C. Rubin LSST Camera

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)
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CCDs from e2V and
Semiconductor Technology Associates / DALSA /
University of Arizona Imaging Technology Laboratory
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W EDIT 2024 CCD talk

Remainder of the talk

 |nvention 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 170c¢t1969

—"“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.”

JOURNAL OF APPLIED PHYSICS 109, 102421 (2011)

The invention and early history of the CCD

George E. Smith®
AT&T Bell Labs (Retired), 221 Teaneck Rd., P.O. Box 787, Barnegat, New Jersey 08005, USA

http://aip.scitation.org/doi/full/10.1063/1.3578638
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« Metal Oxide Semiconductor capacitors CCD simulation cross section

« Dashed line is the depletion edge
 Shift the charge via clocking of closely spaced electrodes
« “Charge coupling”
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Charge-coupling simulation

Potential at 0.5um depth Time=780ns

0.0

.0

Polycrystalline silicon electrodes (leads)
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Silicon substrate 7]
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Electrostatic potential vs lateral distance BT P PN BT RRTE REE:
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Physics @  The Nobel Prize in Physics 2009 Summary ~

retearmenmrez The Nobel Prize in Physics 2009
Charles K. Kao

Willard S. Boyle
George E. Smith

Share this

B v 0

© The Nobel Foundation. Photo: © The Nobel Foundation. Photo: © The Nobel Foundation. Photo:
U. Montan U. Montan U. Montan

Charles Kuen Kao Willard S. Boyle George E. Smith

Prize share: 1/2 Prize share: 1/4 Prize share: 1/4

The Nobel Prize in Physics 2009 was divided, one
half awarded to Charles Kuen Kao "for
groundbreaking achievements concerning the
transmission of light in fibers for optical
communication", the other half jointly to Willard S.
Boyle and George E. Smith "for the invention of an
imaging semiconductor circuit - the CCD sensor"
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Texas Instruments 800 x 800 CCD
Developed for Hubble Space Telescope

HUBBLE WF/PC | - 800 x 800 x 15 um
pixel backside illuminated (BSI) CCD
shown inside its package.

Credit: Jim Janesick and
http://www.digicamhistory.com/

e 10 um thick membrane
e Back illuminated

Image from 1978
Int. Solid State Circuits Conf.
paper (Link)

session 11: apvances iv charce-courcen macers  VVide Field Planetary Camera (WF/PC )
WAM 2.5:  Three-Phase, Backside llluminated 500x500 CCD Imager*® HUbee Space Telescope 800 x 800 x 15 um
M. M. Blouke, . F. Breieman and J. €. Hal pixel CCD fabricated on a 3-inch silicon

Texas Instruments, Inc. f
Dallas, TX wa e r =

CUIl VL 10
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The Palomar Observatory Four-shooter camera

« A camera with 4 T1 800 x 800 CCDs was developed to gain experience prior
to the Hubble launch (Pl James Gunn)

Four-shooter: a large format charge-coupled-device camera
for the Hale telescope

James E. Gunn Abstract. We describe an astronomical camera for the 200-in. Hale telescope
Princeton University using four BOOBOO Texas Instruments CCDs in an optical arrangement that
Astrophysical Sciences allows imaging of a contiguous 1600-pixel-square region of sky. The system
Princeton, New Jersey 08544 employs reimaging optics toyield a scale of 0.33 arcsec per pixel, a good match
and to the best seeing conditions at Palomar Observatory. Modern high-efficiency
Palomar Observatory coatings are used in the complex optical system to yield a throughput at peak
California Institute of Technology efficiency of nearly 50% (including the losses in the telescope), corresponding
Palomar Mountain, California 92060 to aquantum efficiency on the sky of about 30%. The system usesa fifthCCD in
a spectroscopic channel, and it is possible to obtain simultaneous imaging and
Michael Carr spectroscopic observations with the system, The camera may also be used ina
G. Edward Danielson scanning mode, inwhich the telescope tracking rate is offset, and the chargeis
Ernest O. Lorenz clocked in the chips in such a manner as to keep the charge image aligned with
Richard Lucinio the optical image. In this way, a survey for high-redshift quasars has been
Victor E. Nenow carried out over a large area of sky. The instrument has produced images for the
J. Devere Smith most distant clusters of galaxies yet discovered as well as spectra of the most
James A. Westphal distant galaxies yet observed.

California Institute of Technology
Geological and Planetary Sciences
Pasadena, California 91125

Subject terms: charge-coupled device imager, ast i instr fov-ligh
level imaging.

Optical Engineering 26(8), 779-787 {August 1987)

Donald P. Schneider

Institute for Advanced Study

Princeton, New Jersey 08540

Barbara A. Zimmerman

Jet Propulsion Laboratory - -
California Institute of Technology l 9 8 7 p u b I | Ca‘“ on
4B00 Oak Grove Drive

Pasadena, California 91109

“... asurvey 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.”
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The Palomar Observatory Four-shooter camera

90 min exposure with film :
’
Quantum efficiency ~ 1% L LSS R
4-m Mayall Telescope
. - . 0 » . »
" 5 minute exposure

* r3 e - »& v
| ol PN Four-Shooter camera

oSS >,
.‘ . .. L ..o . .
5 Sy + | 200” (5.08 m) Palomar
' o telescope

¢~ -

Fig 17 Tweo images of 1he same regeon of the sy showing » clustae
of galaxins a1 & redehift of 0. 527 The upper imags s & Smiting
photograph. B0 mun saposira an & hyparsensitizesd Kodek Spec
troscopes Plate type Hia-F_ abtained wiih the 4 m Maysll telescope
on Kitt Peak Tha lower image & the regeon at recorded with & 5 mmn
four shootlar esposure. the anuw pomnts to the chusier
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The Palomar Observatory Four-shooter camera

90 min exposure with film :
’
Quantum efficiency ~ 1% o O ®
©
4-m Mayall Telescope
. . - ', . »
bt TS ‘ £ . " 5 minute exposure

. - ’..- o
*‘ . \"o > '.’}‘- N
' XL N e AL ..
vl o T ’ 3 ’
PRE . oo Four-Shooter camera
® @ ®

.‘ e T I
N Ay + | 200” (5.08 m) Palomar
Bt g telescope

Fig 17 Tweo images of 1he same regeon of the sy showing » clustae
of galaxins a1 & redehift of 0. 527 The upper imags s & Smiting
photograph. B0 mun saposira an & hyparsensitizesd Kodek Spec
troscopes Plate type Hia-F_ abtained wiih the 4 m Maysll telescope
on Kitt Peak Tha lower image & the regeon at recorded with & 5 mmn
four shootlar esdosure. the anuw pomnts to the chusier
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EDIT 2024 CCD talk

Remainder of the talk

ly depleted CCDs
_ight absorption / charge generation

High red-shift Quasar & SuperNovae detection
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Fully depleted CCDs 101

BERKELEY LaAB

3-phase
CCD structure

Poly gate
clcptrodcs

v

==
-

)

photo-
sensitive
volume

<

s
(10 kQ2-cm)

R
Transpércnt g g g g
rear window

Not to scale

>

_ buried
p channel

Yy

Bias
voltage

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 um

* Thick device results in
High near-infrared response

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

APS 2024: 23
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Thinned e2V
CCD ~ 10-20um

DALSA/LBNL 250 um
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10 — 20 um thick, partially depleted CCD
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250 um thick, fully depleted CCD (DECam, DESI red/near-IR)
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~+ 40%
(Laboratory)

For 250 um thick
DECam CCDs, the
fringing is negligible

A = 8000A 9000A 10,000A

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

March 5, 2024




'::}l |“" Fully depleted CCDs / 2D simulations

3-phase

CCD structure
80
Poly gate i
electrodes C
\—&L buried 60 L

p channel
n— 50 4 /
(10 kQ-cm) 4o i Vsub =80V /

2

photo- ' 5. S
sensitive | x = 20 C
volume ' 2 -

é g Yy S

g )

(@]

[a

20
l ; / //sub =30V

Transparent voltage
rear window

\J
0

Depthiny [um]
MEDICI simulations

Potential minimum (collecting phase)

-10

Hotential (V)

MEDICI 2-D simulation
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Parallel to the DECam Development

The Pan-STARRS and HyperSuprimeCam CCD cameras

870 Mpixels

PS1 camera — 60 5k x 5k, (10 um)?-pixels HyperSuprimeCam — 116 2k x 4k, (15 um)2-pixels

Fabrication at MIT Lincoln Laboratory Fabrication at Hamamatsu Corporation
(John Tonry, Barry Burke' et al) Satoshi Miyazaki, Yukiko Kamata et al
75 um thick, fully depleted CCDs 200 um thick, fully depleted CCDs

Pan-STARRS telescope (2010) Subaru 8-m Telescope (Fall 2012)
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THE ASTROPHYSICAL JOURNAL SUPPLEMENT SERIES, 259:18 (I9pp https:/ /doi.org/ 10.3847/1538-4365 /ac3d31

© 2022, The Author(s). Published by the American Astronomical Society.

CrossMark

Subaru High-z Exploration of Low-luminosity Quasars (SHELLQs). XVI. 69 New
Quasars at 5.8 <z <7.0

Yoshiki Matsuoka' @, Kazushi Iwasawa @, Masafusa Onoue” ©, Takuma Tzumi*©, Nobunari Kashikawa®
Michael A. Strauss® @, Masatoshi Imanishi*’ @ Tohru Nagao' M aki A kiyﬂma8 . John D. Silverman® ©, Naoko Asami'",
James Bosch®®, Hisanori Furusawa® Tomotsugu Goto' ',, Yuichi Harikane'* @, Hiroyuki Tkeda'* ©,
Rikako Ishimoto® (9, Toshihiro Kawaguchim . Nanako Kato", Satoshi Kiku Kotaro Kohno'”'® (), Yutaka Kmni}mlna""T
Chien-Hsiu Lee'” @, Robert H. Lup’[onfj . Takeo Minezaki'’ 7@, Hitoshi l\o/[urayamag
Atsushi J. Nishizawa>’ , Masamune Ogurig"x’ﬂ . Yoshiaki Ono'” , Masami Ouchi”"? , Paul A. Price® N

Hiroaki Sameshima'’ , Naoshi Sugiyamag’zz, Philip J. TajtZ?’, Masahiro Takada® , Ayumi Takahashi's, Tadafumi Takata*’ s
Masavuki Tanaka™’ . Yoshiki Toba™ . Yousuke Utsumi> , Shiang-Yu Wang% , and Takuji Yamashita®

THE ASTROPHYSICAL JOURNAL SUPPLEMENT SERIES, 265:29 (I?pp https:/ /doi.org/10.3847/1538-4365 /ach3c7

@ 2023, The Author(s). Published by the American Astronomical Society.

[OPEN ACCESS|
CrossMark
The Pan-STARRSI z > 5.6 Quasar Survey. II. Discovery of 55 Quasars at 5.6 <z<6.5

Eduardo Bafados'+ , Jan-Torge Schindler' . Bram P. Venemans® . Thomas Connor>*? . Roberto Decarli® .

Emanuele Paolo Farina’ @, Chiara Mazzucchelli® ®, Romain A. Meyer' , Daniel Stern” @, Fabian Walter' (. Xiaohui Fan’ @,
Joseph F. Hennawi™'” @, Yana Khusanova' @, Nidia Morrell'' @, Riccardo Nanni’ ©, Gaél Noirot™'%, Antonio Pensabene'” @,
Hans-Walter Rix' @, Joseph Simon™'*@®_ Gijs A. Verdoes Kleijn'” @, Zhang-Liang Xie (§{&5)' ©,

Da-Ming Yang (3¥3%88)°©. and Andrew Connor'®

THE ASTROPHYSICAL JOURNAL SUPPLEMENT SERIES, 269:27 (ISpp https:/ /doi.org/10.3847 /1538-4365 / act99%

© 2023. The Author(s). Published by the American Astronomical Society.

(OPEN ACCESS|
CrossMark
DESI z 2 5 Quasar Survey. I. A First Sample of 400 New Quasars at z ~ 4.7-6.6

Jinyi Yang"'u , Xiaohui Fan' ®, Ansh Gupta' ®, Adam D. Myersl. Nathalie Palanque-Delabmuille"'4 , Feige Wang"35
Christophe Yéche®, Jessica Nicole Aguilar“, Steven Ahlen”®, David M. Alexander®, David Brooks’, Kyle Dawson®
Axel de la Macorra Arjun Deym . Govinda DhunganaI '®, Kevin Fanning':'”'u. Andreu Font-Ribera'” @, Satya Gontcho®
Julien Guy". Klaus Honscheid'*'®'”, Stephanie Juneau'’®, Theodore Kisner 0, Anthony Kremin® @, Laurent Le Guillou'®
Michael Levi® @, Christophe Ma neville*, Paul Martini'**'®'?® Aaron Meisner™ >, Ramon Miquel's':l , John Moustakas™
Jundan Nie™ @, Will Percival®***2°®_ Claire Poppett™*”*®, Francisco Prada® @, Edward Schlafly’’®, Gregory Tarlé'!

Mariana Vargas Magana’, Benjamin Alan Weaver™, Risa Wechsler’'»277 @ Rongpu Zhou® @, Zhimin Zhou™ @, and Hu Zou™
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Flux [10717 erg/(cm? s A)]

© redshift
/ 'red SHift/
noun  ASTRONOMY
noun: red shift; plural noun: red shifts; noun: redshift; plural noun: redshifts

the displacement of spectral lines toward longer wavelengths (the red end of the spectrum) in
radiation from distant galaxies and celestial objects. This is interpreted as a Doppler shift that is
proportional to the velocity of recession and thus to distance.

. . Aobs
Cosmological Redshift: z+ 1 = P
rest
Rest-frame wavelength [A]
900 1000 1100 1200 1300 1400 1500 1600
T T T T T T T T
100~ Lya forest  |yq SB 1 SB 2 b
|
80 .
NV
60 - | E
LyB CIv
401 | Si IV ) ]
20+ Wil | ol y A o
0 C | | 1 1 1 | i
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Observed wavelength [A]

Quasar Redshift

Dark Energy Spectroscopic Instrument
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DESI z 2 5 Quasar Survey. I. A First Sample of 400 New Quasars at z ~ 4.7-6.6

Jinyi Yang"'u , Xiaohui Fan' ®, Ansh Guptal , Adam D. Myersz, Nathalie Palanque-Delabmuille3'4 , Feige Wang"35
Christophe Yéche®, Jessica Nicole Aguilar’, Steven Ahlen®®, David M. Alexander®, David Brooks’, Kyle Dawson®
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Yang et al.
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Figure 4. Examples of the DESI spectra for quasars at z =235, 6, and 6.5,
binned with 7 pixels. The three spectra are from observations with
~800-1000 s actual exposure time. These three quasars are 20.55, 20.72,
and 21.20 mag in the Legacy Survey z band. The quasar broad emission lines
(i.e., Ly3, Lya, O1, SiIv, and C1V) used for redshift measurements are
marked with blue dotted lines. The spectra of all 412 new quasars are shown

in Figure 7. EDIT 2024 30
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DECam detection of Z ~ 7 galaxies

THE ASTROPHYSICAL JOURNAL, 934:167 (7pp) 1

© 2022. The Author(s). Published by the American Astronomical Society
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Lya Galaxies in the Epoch of Reionization (LAGER)
Spectroscopic confirmation of 15 Z ~ 7 Lya galaxies
Narrow band filter tuned to Lya 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

THE ASTROPHYSICAL JOURNAL, 934:167 (7pp), 2022 August 1 https:/ /doi.org /10.3847 /1538-4357 facTcfl
© 2022. The Author(s). Published by the American Astronomical Society.
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New Spectroscopic Confirmations of Lya Emitters at Z ~ 7 from the LAGER Survey
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Physics @  The Nobel Prize in Physics 2011 Summary ~

The Nobel Prize in Physics 2011

Saul Perimutter
Brian P. Schmidt
Adam G. Riess

Share this

B v M

© The Nobel Foundation. Photo:

éahrl F;érlmu‘r’rer Br|anP Schmidt Adam G. Riess

Prize share: 1/2 Prize share: 1/4 Prize share: 1/4

The Nobel Prize in Physics 2011 was divided, one
half awarded to Saul Perlmutter, the other half
jointly to Brian P. Schmidt and Adam G. Riess "for
the discovery of the accelerating expansion of the
Universe through observations of distant
supernovae"

The discovery of “Dark Energy”
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University of
Southampton THE DARK ENERGY SURVEY

Cosmology Results With ~1500 New High-redshift Type la Supernovae

Using The Full 5-year Dataset https://arxiv.org/abs/2401.02929
Phil Wiseman (he/his) on behalf of the https://arxiv.org/abs/2401.02945
DES S

 DES Supernova talk from the 2024 AAS Meeting

« ~ 1500 Type la Supernovae spectroscopically confirmed
— Compare to 42 for the original Berkeley group report
— Supernova Cosmology Project (SCP)
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The Dark Energy Survey Supernova program: data

Data
* Photometry and light curves
* Host galaxies )
' High redshift (z > 0.1) SN cosmological samples

: ' Pantheon+
Accurate PSF photometry using . (17 SN surveys
Scene MOde”ing tEChnique combined)

Brout+19, Sanchez+in prep

Dillon Brout

T

Fierg )| 'ié“ N : :
g ‘ . 0.50 0.75 1.00 1.25

Brightness

Filter r ) #

Filter i - Y R .
aAC edshift

Filter z 3 = = .

Days from peak brightness Bruno Sanchez
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The Dark Energy Survey Supernova program: data

/ OzDES@AAT: Lidman+20

Data
1499 likely SNe la with host-z

* Photometry and light curves
* Host galaxies )
' High redshift (z > 0.1) SN cosmological samples
. . Pantheon
Accurate PSF photometry using . 1 (17 SN HJ\-U_YH
Scene Modelling technique B | DE;&\”

Brout+19, Sanchez+in prep

Dillon Brout

Brightness

Filter g . . | ] ' :. T T T T
Filter r e s t 0.25 0.50 0.75 1.00
: g S R Redshift

Filter i
Filter z i . - .
. . A Largest high-z sample
>0 - - from a single telescope .

Days from peak brightness Bruno Sanchez
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202

Community papers:

from the Dark Energy Survey (DES) Collaboration:

https://noirlab.edu/science/library/p
ublications/dark-enerqgy-
camera/decam-science-papers
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https://noirlab.edu/science/library/publications/dark-energy-camera/decam-science-papers

]

W EDIT 2024 CCD talk

rrrerrrr

BERKELEY LaAB

Remainder of the talk

CCDs for Dark Matter
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ereeee '| Dark Matter detection with CCDs

BERKELEY LaAB

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

 Sibandgap ~1.1eV
« Electron counting with Skipper CCD readout amplifiers

//%% ......... [ electron

©0000

valence band

* Nuclear recoill (left) or scattering off electrons (right)
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A
/\I |“" Dark Matter detection with CCDs

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

Physics Letters B 711 (2012) 264-269

Contents lists available at SciVerse ScienceDirect

g % Physics Letters B
£ el

SSARN
ELSEVIER www.elsevier.com/locate/physleth

Direct search for low mass dark matter particles with CCDs

J. Barreto?, H. Cease®, HT. Diehl®, J. Estrada*, B. Flaugher®, N. Harrison®, J. Jones®, B. Kilminster®,
J. Molina®, J. Smith®, T. Schwarz®, A. Sonnenschein ”

iro (UFRJ), Rio de Janeiro, Brazil

atavia, IL, USA

nal de Asuncion (FIUNA), Asuncion, Paraguay

ABSTRACT

A direct dark matter search is performed using fully-depleted high-resistivity CCD detectors. Due to their
low electronic readout noise (R.M.S. ~7 eV) these devices operate with a very low detection threshold
of 40 eV, making the search for dark matter particles with low masses (~5 GeV) possible. The results of
an engineering run performed in a shallow underground site are presented, demonstrating the potential
of this technology in the low mass region.

Published by Elsevier B.V. Open access under CC BY license.

« 2 e-noise (2012) mm) now deep sub-electron (Skipper CCDs)
e 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
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BERKELEY LaAB

CCD
fabrication
complete

March 2019

SENSEI@SNOLAB
2 km underground
100 g scale experiment
1 lot of 25 wafers
Full fabrication at DALSA
6k x 1k / (15 um)? / 650 um thick
100 g scale

by

« K&

flex circuit

. -
§ N

flex circuit

SENSEI@SNOLAB
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DAMIC-M R&D CCDs DAMIC-M production CCDs

650 um thick, fully depleted CCDs 1 kg scale dark matter
150-mm wafers DALSA production complete

6k x 4k’s in use at SNOLAB

See DAMIC-M web site
https://damic.uchicago.edu/ EDIT 2024 42
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https://damic.uchicago.edu/

6k x 4k CCD for DAMIC@SNOLAB / Alvaro Chavarria (U Washington) eoraeaas

November 18t, 2024




'/>| |"" 580 um thick, back-illuminated CCD

e

b iy
et e S by A
LNl /«i/'/«

LAY
\

S 7
: "s\'““’§‘~ S [

1] L o { . .

LBNL-processed 6k x 4k CCD: Thin n+ backside contact / no AR
1 hour dark / 60V / 120K

University of Chicago Noverber 18", 2024
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':}l |"" 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
ory of Skipper CCDs Unveiling Recoiling Atoms

—_———a

B /

Observat

« 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)

EDIT 2024 46
November 18t, 2024



-' A
/\I |“" Dark Matter detection with CCDs

Fully depleted CCDs for dark-matter detection cont’

« Particle identification for background suppression
« Spatial correlation and energy measurement

A

Low-energy Electron
candidates

"

a

50 pixels = 750 pm

NI ! il
> 10 15 20 25 30
Energy measured by pixel [keV]
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* Fully depleted CCDs for dark-matter detection cont’

« Radioactive contamination in the silicon substrate
« Decay chain products spatially correlated (double 3 event below)

Ei = 114.5 keV

(xa, Yo)

At = 35 days

E; = 328.0 keV

]’nst PUBLISHED BY IOP PUBLISHING FOR S1S5A MEDIALAB

ACCEPTED: July 11, 2015
PUBLISHED: Augusi 25, 2015

Measurement of radioactive contamination in the
high-resistivity silicon CCDs of the DAMIC
experiment

The DAMIC collaboration

A. Aguilar-Arevalo,® D. Amidei,” X. Bertou,” D. Bole,” M. Butner,?/ G. Cancelo,®

A. Castaneda Vazquez,® A.E. Chavarria,”' J.R.T. de Mello Neto,” S. Dixon,”

J.C. D'Olivo,? J. Estrada,? G. Fernandez Moroni,? K.P. Hernandez Torres,”

F. Izraelevitch,? A. Kavner,” B. Kilminster.? I. Lawson," J. Liao,f M. Lépez,’

J. Molina,’ G. Moreno-Granados,” J. Pena,® P. Privitera,® Y. Sarkis,? V. Scarpine,?

T. Schwarz,” M. Sofo Haro,* J. Tiffenberg, D. Torres Machado,’ F. Trillaud,” X. You”
and J. Zhou®

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
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‘ CCD development for Dark Matter

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

EDIT 2024 49
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Skipper CCDs for Dark Matter Detection

RESET DRAIN

RESET GATE C+7V2
OUTPUT DRAIN
C +20V3

* Invented by Jim Janesick N
U.S. patent 5250824 (1993) o |
« Based on the floating- w oo o e
gate amplifier (1970's) N e eaTe
L/ L AN AN i DLEJFQS‘?;W
https//doi.org/10.1117/12.10452 .~ O—> = I
Clock Low N _
https://doi.org/10.1117/12.19457 OamdN
Clock High
(ffi t=2 (::)

240 / SPIE Vol. 1242 Charge-Coupled Devices and Solid State Optical Sensors (1990)

« Multiple, nondestructive reads of the charge (floating-gate)
* Noise x Inverse square root of the number of samples

—1990 results
0.5 e- noise
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https://doi.org/10.1117/12.19457

 LBNL implementation (floating-gate amplifier)

0900050000006
R IR oo e L N Reloidel & mm

0.0 0.00000:
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,m ||7?‘ Version 2 Skipper CCD tested at FermiLab

BERKELEY LaAB

« 2" yersion (LDRD 2013)
* 0.068 e after 4k samples (2017)

r A S S S R Readout Time [ms/pix]
2000 aof 17 1072 107! 107 10!
: 30F 7 : I T I I I T I o :
1500 5
3 200 11 — T
W #
8 R
,E 1of ] 1;
5 10001 ] = ]
i 053 776 T 78 70 o i
500F . 2 ]
L 1 =]
: < I 1
0- 1 | L 1 |_.-rrrr:1LL‘-|_| L 1 P E I 1
0 1 2 El
Charge [e™] & 10-1 .
FIG. 1. Single-electron charge resolution using a Skipper CCD \
with 4000 samples per pixel (bin width of 0.03 e7). The e e e

measured charge per pixel is shown for low (main) and high
(inset) illumination levels. Integer electron peaks can be distinctly
resolved in both regimes contemporaneously. The 0 ¢~ peak has
rms noise of 0.068 ¢~ rms/pixel while the 777 ¢~ peak has

Samples per Pixel

FIG. 3. Readout noise as a function of the number of

0.086 ¢~ rms/pixel, demonstrating single-electron sensitivity nondestructive readout samples per pixel for the Skipper
over a large dynamical range. The Gaussian fits have CCD. Black points show the rms of the empty-pixel distribution
X' =226/22 and * = 19.5/21, respectively. as a function of the number of averaged samples. The red line is
. ek ending the theoretical expectation assuming independent, uncorrelated
PRL 119, 131802 (2017) PHYSICAL REVIEW LETTERS 29 SEPTEN B 2017 .

samples [Eq. (1)].
Single-Electron and Single-Photon Sensitivity with a Silicon Skipper CCD

Javier Tiﬁ'enbergjl‘ﬁ Miguel S()[i)—Hum;z‘] Alex Dl‘licu—WugnerT] Rouven Essig} Yann Guzu’dincmTiTI‘T
Steve H\)llzmd,4 Tomer V\)lunsky.,s and Tien-Tien Yu® "
' Fermi National Accelerator Laboratory, P.O. Box 500, Batavia, Illinois 60510, USA F G am I Ifl e r C C D S
Centro Atémico Bariloche, CNEA/CONICET/IB, Bariloche R8402AGP, Argentina
*CN. Yan g Institute for Theoretical Physics, Stony Brook University, Stony Brook, New York 11794, USA
‘Lawrence Berkeley National Laboratory, One Cyclotron Road, Berkeley, California 94720, USA
SRaymond and Beverly Sackler School of Physics and Astronomy, Tel-Aviv University, Tel-Aviv 69978, Israel

e F e e ey eneva 2o swirerlnd. |y440ys://doi.0rg/10.1103/PhysRevL ett.119.131802 EDIT 2024 52
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" A
'::}l |“" Version 2 Skipper CCD tested at FermiLab
« 2" yersion (LDRD 2013)

* Low-level light charge histogram (FermiLab)
4000 samples

#entries
= =
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FG amplifier CCDs
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Skipper-CCD basics

Nsmpl =1

o 3.5

noise ~

30

y [pixel]

25

20

15

10

0

392 394 396 398 400 402 -10 8 -6 4 2 0 2 4 6 8 10
x [pixel] [e-]
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Skipper-CCD basics

Nsmpl =1 Gnoise =3.5

:2'16 :I T 1T T T T T T T T T I:
£ 30— 7
2 - ]
£14 - )
< 25 -
= - ]
o f— -
Q - _
>12 20__ _
10 15— -
10 -
8 - ]
5 .
6 I M :

0 | 1 | | | | 111 | 111 | 111 | 111 | [

392 394 396 398 400 402 10 8 6 4 -2 0 2 4 6 8 10
x coordinate [pix] Redout noise [e]

Measurements and animation from FermiLab
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‘ CCD development for Dark Matter

Key developments for Dark Matter CCDs

« High-voltage compatible CCD design / Very
high-resistivity Float-zone silicon
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/\I "I Dark Matter detection with CCDs

« CCD mass is limited by the standard wafer thickness

675 um for 150 mm, 725 um for 200 mm wafer
« Depletion voltage goes as (thickness)? and (resistivity)*

« 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

gNp , 1

xD = QﬂnND

Vdepl — 2ec
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Link to Topsil Float-Zone silicon

Blue table entries are
150-mm diameter

Red are 200-mm
diameter wafers

Year Topsil Resistivity p Lifetime ©
Acquired | Crystal # (kQ-cm) (ms)

2009
2009
2009
2014
2015
2019
2020
2020
2020

2142946

2143310

2144322
22-0572-10
33-0203-20
31-1062-10
33-1751-30
32-1345-20
34-1802-10

55-7.0
5.0-6.0
14.0 - 20.0
20.0 - 28.0
22.0 - 26.0
> 10.0
> 10.0
18.0-20.0
17.7-22.4

16.3
3.4
7.3

21.4

22.4

18.9

23.5

18.4
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http://www.topsil.com/media/142192/pfz_product_note_september2014.pdf

@
TOPSIL
High Purity, High Resistivity Silicon

HiRes ™

Diascan resistivity measured by the 4-point method as defined by SEMI MF43

22,00 -

21,00

20,00 4 —

;"&"#'W'-. ’ ey Wy '-._.u’xw

hd II'l.
19,00 11ex

-\"V\f'\_‘
1?100 Mh j"l/\ﬂ

L o/ ¢ Id'll v ht,\ '\’*\/H, .
18,00

Resistivity in Ohm cm (x 1000}

16,00

15100 T T T T T

0 10 20 30 40 50

Testside 0= 6mm from edge last point= 6mm from edge
3mm between every measurement

——SEED END —=—NON SEED END

60

70

Lifetime measured by the photo cond 2
ifetime:

23520 psec.

wethad as defined by SEMI MF28

Vigep ~ 90 — 120V for
15 — 20 kohm-cm and
725 um thick (200 mm)
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BERKELEY LaAB

3-phase
CCD structure

Poly gate
elqclrodes

_ buried
p channel

-

i
(10 kQ-cm)
photo- L

é volume g b

|

Transparent voltage
rear window

\J
0

-10

Hotential (V)

sensitive ‘ X

Potential [volts]

12 4

13 1

-15 1

-10 :\
11 4

-16

0.0

MEDICI 2-D simulation

1.0 15 2.0 2.5 3.0 35 4.0 4.5 5.0
Depth [um]
MEDICI simulations
Potential minimum (collecting phase)

* Relatively insensitive to Vsub
» Capacitor voltage divider effect
» Wide range of V, possible
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‘ CCD development for Dark Matter

Key developments for DM CCDs

« Gettering for low dark current
« Single-electron event rate
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reeen) '| DESI (astronomy) vs SENSEI (DM)

CCD format 4k x 4k (15 um)? 6k x 1k (15 um)?
Thickness 250 um 650 um
Read noise 25—-3.0e-rms 0.13 e-rms
See note 1
Dark current ~ 1 e-/pixel-hour ~ 1.4 x 10° e-/pix-day
(133K) (~ 140K)
See note 2
Exposure time 15 minutes 20 hours
Readout time 1 minute 7.7 hours
Note 1: Skipper CCD Wlth 300 samples / pixel 1Sub-GeV dark matter searches with SENSEI
Note 2: Improved Cold Cu shielding / SNOLAB e

4/15/2023

Number quoted is the single-electron event rate
https://arxiv.org/abs/2410.18716 EDIT 2024 62
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https://arxiv.org/abs/2410.18716

® 200 um thick LBNL BI Surface ¢ SENSEI surface with IR cover
A 2022 IR and Pb shield surface ® 2019 SENSEI MINOS (100m) IR cover
B 2020 SENSEI MINOS (100m) IR cover + some Pb @ SENSEI @ SNOLAB 2024
= = = Exp(-0.807/kT) calculation fromfit = ===== Fit scaled by CCD thickness and pixel size
1.0E+7
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* 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)

WILLIAM SHOCKLEY

e P in silicon can bond with
ransistor technology evokes new physics .

Nobel Lecture, December 11, 1956 metals, aISO d ISorder
It has also been found that copper and nickel chemical impurities in the SUCh as pOchrySta”Ine SI

ermanium produce marked reductions in lifetime™. ° Nn_ci

: The way '111:; which deathnium catalyzes the recombination process is in- We use In Sltu doped (P)
| polysilicon to trap metal

! o | O Impurities introduced

s [
+ | +

T o during the fabrication

Fig. 1. Arecombination center (deathnium) captures alternately an electron and a hole process
and thus catalyzes their recombination, as shown in parts (a), (b), and (c). The thermal-
ly activated generation process is shown in (d) and (e).

dicated in Fig. 1.In part (b) of this figure, an electron is captured by a death-
nium center. The deathnium center thus becomes a baited trap which is
ready to capture a hole. If a hole comes near to the deathnium center, the

electron can drop into it, thus forming a normal covalent bond, and the
EDIT 2024 64

deathnium center is then uncharged and ready to repeat the process. November 18t 2024



* Diode dark current with / without gettering
— Backside in-situ doped (P) polysilicon (ISDP)

107 —————— : . : .
104 Mol Gettered -
__'_'____,_---_|
10_5 / |
NE -IG—{:! —
‘EJ -
< 107y
< 107" Gettered
1.:. "-\:a o -
10° 10 (
107" s
10° 17 [ 1 1 1 1 N I R RE—
0 10 20 30 40 50 &0 70 8O 90 100

Vg (volts)

Fig. 2. The detector diode reverse-leakage current for a device

with backside gettering compared to one without. The devices

were fabricated on 10 k& cm (100} substrates, and both
devices are from the same wafer.

Nuclear Instruments and Methods in Physics Research A275 (1989) 537-541 537
North-Holland, Amsterdam

FABRICATION OF DETECTORS AND TRANSISTORS ON HIGH-RESISTIVITY SILICON

Steve HOLLAND

Lawrence Berkeley Laboratory, University of California, Berkeley, CA 94720, USA
EDIT 2024 65
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/\l |'ﬁ‘ Gettering Process for High-p silicon

current (A)

BERKELEY LaAB

« Dark current for high-p silicon pin diodes

-8 . .
107 e———7— S « Comparison study of various
- B-implant ] gettering methods (1997)
gL Bﬂopﬁ?l}?l}f?ﬂiﬁ__,____, _________ «  https://www.sciencedirect.com/scie
T nce/article/pii/S0168900297006128
]0‘10;_ .......... P-implant _; P+ - %’WJ
C . E | ’
E R POCI‘} diff. . IDiode Floating guard—rings
L P-doped poly-Si - \Inner guard-ring Outer guard-ting
10! . Aty s
E | : Fig. 2. Schematic cross-section (half device) of a PIN detector on
10_]2 | | | ; . n-type substrate.
0 10 20 30

Nuclear Instruments and Methods in Physics Research A 395 (1997) 344-348
¥ ¢ NUCLEAR

INSTRUMENTS
& METHODS
IN PHYSICS
RESEAHACH
—SectonA__

reverse voltage (V)

Si-PIN X-ray detector technology

G.F. Dalla Betta®, G.U. Pignatel**, G. Verzellesi*, M. Boscardin®

*Dipartimento di Ingegneria dei Materiali, Universita di Trento, 1-38050 Mesiano (TN, lialy
YIRST-Microelectronics, 38050 Pova (TN}, Italy
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N A
reeen) '| DESI (astronomy) vs SENSEI (DM)

CCD format 4k x 4k (15 um)? 6k x 1k (15 um)?
Thickness 250 um 650 um
Read noise 25—-3.0e-rms 0.13 e-rms
See note 1
Dark current ~ 1 e-/pixel-hour ~ 1.4 x 10° e-/pix-day
(133K) (~ 140K)
See note 2
Exposure time 15 minutes 20 hours
Readout time 1 minute 7.7 hours
Note 1: Skipper CCD Wlth 300 samples / pixel 1Sub-GeV dark matter searches with SENSEI
Note 2: Improved Cold Cu shielding / SNOLAB e

4/15/2023

Number quoted is the single-electron event rate
https://arxiv.org/abs/2410.18716 EDIT 2024 67
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Multiple-amplifier sensing CCD

readout stage 1 ——— Vi readout stage 2 ——— Vi readout stage 8 Viof
LM video, —LMA; i, —EMA: s,
Tnatmg, pate Tinating pate Meating gate
SeTlsE odke 1% pirel wparmion ,  5en=e node sEnsE node
Hi H H3I 5W OG PS Hi H2? HI H3 5w 0OG s Hi HI 5w Ok DG Vamin
L1 | | _| | [ _| II

| I T B B

|

« Single read per amp / Noise reduction of square root of M
« ~ le- noise for 16 amplifiers achieved (single read)
« QOverhead in time to read the first pixel per row, after that the
pixels are read out as in a conventional CCD EDIT 2024 68
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Encouraging results with the MAS prototype 16-ch CCDs

Lowest demonstrated noise performance

1 16
[ ||| ] S| | || | ]

|
42 24 12 17 4615 30 13 26 14 26 11 27 14 26 11 27 12 29 15 25 12 27 11 30 9.2 28 6.4 28 15 26 10 26 _ 16.ch combined noise —~ 106 e- rms,‘pixel

/j BERKELEY LAB \ENERGY

Office of Science

0.201

Toversenn = 1.823 ADU |

0.10f

Normalized Counts

0.05F

230 —20 —10 0 10 20 30
Median-subtracted Overscan Values [ADU]

Sub-electron noise CCDs with the
MAS Architecture for astronomy

Kenneth Lin

University of California, Berkeley

03/12/2024
‘echnologies Track ISPA 2024 @ SLAC

EDIT 2024 69
November 18t, 2024




/a\l ﬂ 4 x 16 MAS CCD design In progress

T T~

Thank you for your attention
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. arXiv:2410.06417 [pdf, other] physics.ins-det

A multi-channel silicon package for large-scale skipper-CCD experiments

Authors: A M. Botti, C. Chawvez, M. Sofo-Haro, C. 5. Miller, F. Chierchie, M. Jonas, M. Lisovenko, H. Gutti, D, Tz
Maoroni, . Estrada

. Tiffenberg, G. Fernandez-

Abstract: The next generation of experiments for rare-event searches based on skipper Charge Coupled Devices (... = Mars

Submitted 2 October, 2024; originally announced October 2024
Comments: 14 pages, 13 figures, 2 tables
Report number: FERMILAB-FUE-24-0716-FFD

et

- ar¥ivi2410.06261 [pdf, other] [ESCRadll) astro-ph.CO  asto-phEF  hepex (I 1001171123013241

Cherenkov Photon Background for Low-MNoise Silicon Detectors in Space

Authors: Manuel E. Gaido, Javier Tiffenberg, Alex Drlica-Wagner, Guillermo Fernandez-Moroni, Bernard ). Rauscher, Fernando Chierche, Dario Rodrigues,
Lucas Giardino, Juan Estrada

Abstract: ...imaging and spectroscopy of extra-solar planets will require ultra-low-noise detectors that are sensitive over 3 broad range of wavelengths.
Silicon charge-coupled devices (CCDs), such as EMCCDs, ... 7 Mara

Submitted 8 Qctober, 2024; originally anmounced Ootober 2024,

Comments: 5PIE Proceeding 9 pages, & figures

Report number: FERMILAB-CONF-24-0282-LDRD-FFD

Journal ref: Proc. SPIE 12103, X-Ray, Optical, and Infrared Detectors for Astronomy X1, 131021F 2024)

[

. arXiv:2409.20290 [pdf, other] ETE3

The search for light dark matter with DAMIC-M

Authors: B Smida

Abstract: The DAMIC-M (DArk Matter In CCDs at Modane) experiment will use_. = Mare

Submitted 30 S=ptember, 2024 originally announced Seprember 2024,

B

. arXiv:2407.17872 [pdf, other] astro-ph.CO

The DAMIC-M Low Background Chamber

Authors: | Arnquist, M. Avalas, P. Bailly, D. Baxter, X Bertou, M. Bogdan, C. Bourgeois, ). Brandt, A Cadiou, M. Castello-Mor, A E Chavarria, M. Conde, ).
Cuevas-Zepeds, A. Dastgheibi-Fard, C. De Dominicis, Q. Deligny, R. Desani, M. Dhellot, ). Duarte-Campderros, E. Estrada, D. Florin, M. Gadela, R. Gaior, E. L.
Gkougkousis, |. Gonzalez Sanchez , et al. (44 additional authors not showr)

Abstract: The DArk Matter In CCDs st Madane (DAMIC-M) experiment is designed to search for light dark matter (m,, <1 D‘.,Ge‘u’.’c“]a: the Laborataire
Souterrain de Modane (LSM} in France. DAMIC-M will use_.. = Mare

Submitted 27 September. 2024 w1 submitted 25 July, 2024; originally announced |uly 2024
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CCD fabrication

BERKELEY LaAB

 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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BERKELEY LaAB

‘ High-voltage compatible CCDs

 Spatial resolution in fully depleted CCDs goes as ~ 1/(Vg,,)

« Carrier transit time (holes)

e -

Vo =20V

a)

Figure 4. Sub-images of 30 minute dark exposures taken at —140° C on a 500 pm-thick, 4k x 2k, (15 pm)?-pixel CCD
fabricated on ~20,000 Q-cm silicon. The size of the sub-image is approximately 650 rows by 770 columns. a) Viu,=30V

b) Viub=60V.

)

Ve = 115V

b)
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Development of Scientific CCDs at NASA/JPL

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
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Development of Scientific CCDs at NASA/JPL

« 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

2019 IISS Exceptional Lifetime Achievement Award
goes to James R. Janesick

THE 400 x 400 PIXEL BACKSIDE ILLUMINATED CCD
USED IN THE JPL TRAVELING CAMERA SYSTEM. JANESICK AS YOUNG MAN AND CCD CAMERA
SYSTEM USED AT MT. LEMMON TO TAKE THE FIRST
PROFESSIONAL CCD ASTRONOMICAL IMAGES.

Credit: Jim Janesick and
http://www.digicamhistory.com/

J. R. Janesick, Scientific Charge-Coupled Devices, SPIE Press, 2001
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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 T1 800 x 800 (4 x 800 x 800)

WIDE FIELD PLANETARY CAMERA (WF/PC I) TECHNICAL PROPOSAL

Technical Proposal , . '
Investigation Definition Team . *
WIDE-FIELD/PLANETARY BAMERA

| * FOR SPAGE TELEBCOPE .

Credit: Jim Janesick and
http://www.digicamhistory.com/

Muse um Collection
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The Palomar Observatory Four-shooter camera

CCD Dark Current versus Inverse Temperature
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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

DESI CCD: Signal vs. Exposure Time
—e—Vsub = 100V / 100kHz / -140C
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Fig. 8. CCD output signal as a function of exposure time to a source of
uniform illumination ill ing the i ity of the device.
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DESI CCD 169186-14-4 Exposure Time [seconds]

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 Nnoise o204
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- Thinned and back-illuminated > —F—=—0g ___ b

n channel
e 10 — 20 microns thick P~ epi (20 to 50 Q-cm)

« Thick and fully depleted g g g g
e 250 — 650 microns thick elociides
* Fully depleted with bias voltage —————_ By
| (lozi_ltcm)
* Note the difference In resistivity sé’,'.:s‘:t?;e
« Conventional silicon ~ 50 Q2-cm - S
« p-type doping ~ 3 x 1014 cm3 l
* Float-zone refined silicon 10 - 20 kQ-cm ﬁ g g é o Bias
« n-type doping~2-4x 10 cm3 =
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'/\li!{ |"" CCDs for Astronomy
* Thinned CCDs: Electrostatic potential at surface
* 1-D solution of the Poisson Eqg (depletion approx)

30.0 |

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

25.0 1

20.0 4

P~ epi (20 to 50 Q-cm)

N

Potential [volts]

Undepleted

5.0 T Electric field=0

00 +————————— — '
0.0 5.0 10.0 15.0 20.0

Depth [Microns] EDIT 2024 81
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0.00

p-t)__lpe channe]

2.950

x direction

Distance (Microns)

5.00

\ 4

20.0 22.5 25.0 215 30.0
Distance (Microns)

+: lonized donor atoms with single + charge (Density Ny in cm3)
- - lonized acceptor atoms with single - charge (Density N, in cm-3)

Electric field in the n-type substrate ~ N, X (Space charge)
Potential drop across the depleted region V, ~ Ny Xp? (Poisson EQ)

Large depleted thickness x, requires low doping Np

EDIT 2024 82
November 18t, 2024



Redshift

Hydrogen Spectral Series

H Lyo emission Ao = 1216A :
Quasars (Active Galactic Nuclei) & Lyo, Galaxies

Thick CCDs can detect Lya emissionto z ~ 7

Probe the Reionization Era

400 thousand 3.8 billion

The Big Bang

d

@ =
o =
Q -
= -
1= A
= s
#4=3 “
E D
=

LY

Credit: European Space Agency
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number of events (dru)
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: | ‘ SH detection with thick, BI, FD CCDs

70 __.‘:‘--‘_‘.4-,4- ......... 4—‘-.4..++ .................. .................. ..... Entries 504910 |"
Eama “ T i | Mean 6.635
60 L .................. + .................. S . .................. \ .................
50 _ .................. ................. ............ A R R .................. .................
P B — —— TR — TN S — — —
30 _ .................. .................. .................. .................. . T . .................. .................

B [ S SN S— — T —- T —

PPIZINR NNV SNV, SRR ST TSI SO B .. A, o

=t i | Std Dev 4.158

——
|

lllllllllllllllllllllllllllllllllll T e

Range (um)

100000.0

100000 +

Electron range in silicon (NIST)

1000.0 +

1000 +

10.0 +

1.0

0.010

0.100
Energy (MeV)

1.000 10.000

2 4 6 8 10 12 14 16 18 " V2)0
ener e
~14 hours of data o

GRAIL project with PNNL, LBNL, FermiLab, Lincoln Laboratory

~ 2 keV [3-electron detection
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Charge-collection simulation

Potential wversus depth, Vsub=50V, 140K

T T T T T T T T

Polycrystalline silicon electrodes (leads)
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Silicon substrate
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z
63
Sy N
Electrostatic potential vs depth g <7 p-type channel |
Simulated potential along dashed line above
. . 4 ™~
p-n junction at the surface creates g
a potential minimum away from 3
the surface and the interface traps 00 525 550 TG TG

Buried-channel CCD Distance (Microns)
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/\I: |'ﬁ‘ Backside layers: LBNL CCDs

TEM cross-sectional image

Zr0,/ 38 nm

COGTL280 Indium tin oxide / 20 nm

AR Coating design by Don Groom In-situ doped polysilicon/ 20 nm /~ 1x10°cm3 P

Silicon substrate
> 10,000 ohm-cm n-type

109.7 nm 110.2 nm

MOpUIM Jeaa
adeijon $ $ $ § waaedsuea |
SiO
»
I 2 D
L9

/A
egg
\/\

fpuueyo d v
Z ')-I!,Il\(l ﬁ
r .
2 ]

ITO

~ n+polysilicon |

In-situ doped polysilicon

Silicon substrate

20 nm
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:/\I ﬂ CCD amplifier noise

gd,M1
Vre r+MR —1 B R § e
| | M, 00000000
1 J_ I

CoamMr Cp C
T—‘ M —eVour | co0000000

-ch | -
p-channel | ED
CFD # RL

|

Vsus GND

Floating diffusion

Diode sense node _
Output transistor M1
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R Q, = I”rift-',nuc;
Voo q
l 4 ®
SN | |V 1 Noise in electrons Q,, depends on
! [y 1) SF transistor M1 noise
Coirir| =Cp = | 1 2) Total capacitance at the
T_fm L eV floating diffusion
p-channel | FD =
! £ . . . . .
Cr T “ % White noise in M1 is given by
Vsup G_T;ID 2 E 1
Vivan™ = 4kT=-—Af
3 Om

Reduce C; and/or improve the
transistor (g,,) to reduce noise
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:/\| |'ﬁ‘ CCD Noise

Read noise reduction
« Technology development with Teledyne DALSA Semiconductor

w

000000000000 0000
0000000000000 000

Conventional amplifier with aluminum Direct connection of source follower
connection to source follower transistor polysilicon gate to sense node and an
output transistor with reduced width
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reeees) " CCD Noise

BERKELEY LaAB

Read noise reduction
« Technology development with Teledyne DALSA Semiconductor

—TT

| ** ST

" R 7 | p =t
cgS

Direct connection of source follower
polysilicon gate to sense node and an
output transistor with reduced width

Cross-sectional SEM

[mag O tit | WD | HV det 1 pm —
42 mm |10.00 kV|TLD EAG EOCFK377 Die 135961-16-1¢ EDIT 2024 90
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/\I: |"" Correlated double sampling
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IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL, §C-9, No. 1, FEBRUARY 1074

Characterization of Surface Channel CCD
Image Arrays at Low Light Levels

Presently «—— MARVIN H. WHITE, SENIOR MEMBER, IEEE, DONALD R. LAMPE, MEMBER, IEEE,

Ohio State

ECE Prof. FRANKLYN C. BLAHA, MEMBER, 1EEE, AND INGHAM A, MACK, MEMBER, IEEE
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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

/\I: "?'”‘ Correlated double sampling
Another key invention from the 1970’s:

Correlated Double Sampling:
Eliminate kTC noise from the reset switch

10 uV/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

IM.H. White, D.H. McCann, |.A.G. Mack, F.C. Blaha, U.S. Patent 3,781,574, Dec. 1973
Link to patent and paper EDIT 2024 92
November 18t, 2024


https://patents.google.com/patent/US3781574
http://ieeexplore.ieee.org/document/1050448/

/\I: |'ﬁ‘ Scientific CCD typical operation

BERKELEY LaAB

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)

Amplifier

d}Hl d)H'_-‘ ¢H3 ¢HI (I)HZ ¢H3

—}—

@ Horizontal CCD ===

d)\'l
4)\'2
¢\'3

d)\'l
(I)\'Z
(I)\'B

5 B B B
Vertical CCD

. B . B

—J}—

G Horizontal CCD =

Amplifier

vr Vdd
Py
e SENCN
(I) i} KTC noise

V3 | Pixel Serial Register ]—/
{ Y,
Cfd B out
(I)\'l subsite RL
Gy
Gy .
Diode sense node
—>— “Floating diffusion”

Amplifier

(I)Hl d)H'-‘_- d}HB ¢Hl (I)HB d}HB

Amplifier
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Thimed e2v DALSA/LBNL 250 um ’ e S .., ; i LAGER—COSMOS

€CD~10-20um T -140C

f$>< , bR et e DR 2 sq-deg ¢ 23 Ly-a galaxies at z~7

o
@

o
o
NB964 Filter Transmission [Arb units]

Quantum Efficiency [%]

o
=

Filter ——>
transmission

I .

700 800
Wavelength [nm]

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 EDIT 2024 94
November 18t, 2024



