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• Lawrence Berkeley National Laboratory

• U.S. Department of Energy National Laboratory

• Office of Science

• LBNL CCD development
• Support DOE High-Energy Physics projects, e.g. detectors for Dark 

Energy and Dark Matter, Quantum Information Science (QIS)

• Collaborators include Teledyne DALSA Semiconductor (150-mm CCD 

fabrication), DOE Labs FermiLab / PNNL, Lincoln Laboratory

• New: 200 mm CCD fabrication

• Microchip Technology and Lincoln Laboratory
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Fully depleted CCDs: 150-mm wafers

U.S. DOE Dark Energy

• Astronomy and QIS:  Back 

illuminated / 250 um thick

• Dark Matter:  650 um thick

• Radiation detection:  580 um 

thick and back illuminated

Dark Matter               Radiation detection        Quantum Information Science 

Dark Matter              

Pixel sizes:

(15 um)2 typical

Also (10.5 um)2
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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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• Class 10 clean room

—150 mm wafer processing

— DECam / DESI CCDs with DALSA

— QIS / radiation detecting CCDs

LBNL MicroSystems Laboratory
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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

• Typical thickness for astronomy is 
200 – 250 µm 
• Thick device results in high near-
infrared response
• Main advantage for astronomy

• Detect high redshift objects

Not to scale
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Quantum efficiency

Near IR – Silicon becoming transparent, Eph< Si bandgap (~ 1.1 eV)
Blue end – Strong absorption in dead layers (n+ of p-i-n structure)
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DOE Stage III 
Dark Energy Survey 

(2013-2019)

• Dark Energy Camera:  CTIO Blanco 4-m telescope

• FermiLab was the lead institution

• DALSA/LBNL fully depleted CCDs

• 1st light in September 2012

• Over 1.1 million images to date
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DOE Stage III Dark Energy Survey (2013-2019)
520 Mpixels

250 um thick, fully depleted CCDs
150 mm diameter Si wafer

8 Mpixels (15 um pixels)

DECam z-band image (~8000 to 10,000A)

Courtesy Tom Diehl (FNAL)
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Dark Energy Spectroscopic Instrument

Blue-sensitive CCDs (10):

360 < λ ≤ 555 nm

20 um thick, 4k x 4k

DALSA / Semiconductor 

Technology Associates, Inc / 

University of Arizona Imaging 

Technology Laboratory

Red-sensitive CCDs (10):

555 < λ ≤ 656 nm

Near-infrared CCDs (10): 

656 < λ ≤ 980 nm

250 um thick, 4k x 4k

DALSA / LBNL

Focal plane:  

5000 robotic fiber positioners

Mayal 4-m telescope 

Dark Energy Spectroscopic Instrument 
DOE Stage IV Dark Energy experiment

• Measure ~ 30 million redshifts using 4 classes of objects 
(LRGs, ELGs, QSOs, Lyman-α forest)

• 10 spectrographs each with 3 4k x 4k, 15 µm pixel CCDs
• First light October 22nd, 2019



QBI2023 11

September 28th , 2023

• [O II] doublet: Marker for Emission Line Galaxies

— Results from December 2020

Dark Energy Spectroscopic Instrument

DESI Blue CCD: ~ Rest wavelength     DESI near-IR CCDs (red shift z)

Rest l’s

3727.092 A

3729.875 A
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Dark Energy Spectroscopic Instrument
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R&D for improved DESI CCDs

• New anti-reflection coating design (D. Groom)

• Lower readout noise

Improved DESI QE (blue) versus 

Dark Energy Camera CCDs (red)

doi:10.1088/1748-0221/12/04/C04018

http://dx.doi.org/10.1088/1748-0221/10/05/C05026

STA      LBNL LBNL

SPEC BLUE RED NIR

0 3.62 2.61 2.49

1 3.82 2.77 2.82

2 3.21 3.02 2.38

3 3.24 2.6 2.91

4 3.37 2.73 2.5

5 3.64 2.95 2.45

6 3.37 2.63 2.32

7 3.03 2.4 2.49

8 3.2 2.52 2.48

9 3.14 2.47 2.44

June 2022

Ave of 4 amps

https://doi.org/10.1088/1748-0221/12/04/C04018
http://dx.doi.org/10.1088/1748-0221/10/05/C05026
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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
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Astronomical cameras with fully depleted CCDs

HyperSuprimeCam – 116 2k x 4k, (15 µm)2-pixel CCDs

200 um thick fully depleted CCDs from Hamamatsu Corporation

Subaru 8-m Telescope

Satoshi Miyazaki (PI) and Yukiko Kamata (CCD testing)

870 Mpixels

Also PAN-STARRS (Lincoln Labs) and Vera Rubin Observatory 

(e2V and DALSA/STA/University of Arizona CCDs)
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Astronomical cameras with fully depleted CCDs

HyperSuprimeCam – 116 2k x 4k, (15 µm)2-pixel CCDs (870 Mpixels)

CCDs from Hamamatsu Corporation / Subaru 8-m Telescope

Full moon 

for scale
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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

• Thick CCDs for radiation detection
• Charged particles, x and  rays

Not to scale
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Radiation detection with thick, FD CCDs

CCD-based ionizing radiation detectors with low-energy (<100 keV) 

gamma-ray sensitivity / 650 um thick and fully depleted

Todd Hossbach: Pacific Northwest National Lab
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3H detection with thick, BI, FD CCDs

• GRAIL focal plane for radiation detection

• 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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3H detection with thick, BI, FD CCDs

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

• ~ 2 keV β-electron detection
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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



QBI2023 22

September 28th , 2023

Xtend CCDs on XRISM space mission

Xtend soft x-ray imaging telescope (Launch 9/6/2023)

CCDs from Hamamatsu Corporation / Testing at Osaka University

https://doi.org/10.1117/12.2626894

https://doi.org/10.1117/12.2560348

https://doi.org/10.1016/j.nima.2020.164676

https://doi.org/10.1117/12.2626894
https://doi.org/10.1117/12.2560348
https://doi.org/10.1016/j.nima.2020.164676
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Dark Matter detection with CCDs

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

• Low noise / improves low-energy detection threshold
• Si bandgap ~ 1.1 eV

• Thick CCDs for larger volume

• Expected dark-matter particle interactions

• Nuclear recoil (silicon nucleus)

• Scattering off electrons

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

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

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

• 250 um (2012)          now 650-725 um

• Dark current orders of magnitude less than astronomy CCDs

https://doi.org/10.1016/j.physletb.2012.04.006
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SENSEI collaboration at unblinding meeting

SENSEI

Sub-Electron-Noise Skipper-CCD Experimental Instrument

100 g scale (1 Teledyne DALSA Semiconductor lot of 25 wafers)

Dark Matter detection with CCDs
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LBNL Dark Matter CCD development

SENSEI

CCD 

fabrication 

complete 

March 2019      

650 um thick, fully depleted CCDs 

150-mm wafers

Full fabrication at DALSA Semiconductor

6 6k x 1k CCDs installed now (13 g)

2 km underground at SNOLAB

1st science run was 9/2022 – 4/2023

100-g scale experiment

SENSEI@SNOLAB

SENSEI publications

• 2017 Skipper CCD 
• PRL 119.131802

• 2018 Surface run prototype CCD
• PRL 121.061803

• 2019 Underground prototype CCD
• PRL 122.161801

• 2020 Underground science CCD
• PRL 125.171802

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.119.131802
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.061803
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.122.161801
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.171802
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LBNL Dark Matter CCD development

Results presented at 
APS April Meeting  2023

2023 Phenomenology Symposium

Paper in preparation

Presently installing more CCDs

SENSEI@SNOLAB

Copper cryostat Lead shield
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SNOLAB underground laboratory
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DAMIC-M

Dark Matter in CCDs at Modane

1 kg scale (~10 Teledyne DALSA Semiconductor lots of 25 wafers)
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LBNL Dark Matter CCD development

DAMIC-M production CCDs

1 kg scale dark matter

Fabrication started March 2021

9-10 lots for 1 kg

Full fabrication at DALSA 

Semiconductor

DAMIC-M R&D CCDs

650 um thick, fully depleted CCDs

150-mm wafers

See DAMIC-M web site

https://damic.uchicago.edu/

https://damic.uchicago.edu/
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LBNL Dark Matter CCD development

• 2022 DAMIC-M run at Modane
• PRL 130.171003

• Low background chamber (LBC)

• Laboratoire Souterrain de Modane

• 2 6k x 4k CCDs, 650 um thick

• 2022-2023 DAMIC-M at SNOLAB
• arXiv:2306.01717

• 2 6k x 4k CCDs, 650 um thick

• Feb 2022 – Jan 2023 

• Excess signal noted

DAMIC-M R&D CCDs

650 um thick, fully depleted CCDs

150-mm wafers

See DAMIC-M web site

https://damic.uchicago.edu/

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.130.171003
https://doi.org/10.48550/arXiv.2306.01717
https://damic.uchicago.edu/
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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 LSST/Rubin)

LBNL Dark Matter CCD development
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https://doi.org/10.1088/1748-0221/18/01/P01040

https://doi.org/10.1088/1748-0221/18/01/P01040
https://doi.org/10.1088/1748-0221/18/01/P01040
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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 0.1 e- rms
See note 1

Dark current ~ 1 e-/pixel-hour

(133K)

~ 2 x 10-4 e/pix-day

(135-155K)
See note 2

Exposure time 15 minutes 20 hours

Readout time 1 minute 7.3 hours

1

DESI (astronomy) vs SENSEI (DM)

Note 1:  Skipper CCD with 300 samples / pixel

Note 2:  Cold Cu, some shielding / 100 m underground

Number quoted is the single-electron event rate
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Dark Matter detection with CCDs

Fully depleted CCD advantages for dark matter detection

• Low noise / few e- and deep sub electron (Skipper CCDs)

• Thick depleted regions / larger mass 

• Background suppression / spatial and energy resolution

• Extremely low dark current for DM experiments

• Main disadvantage is the lack of timing information
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Skipper CCDs / 1990

Two SPIE papers in 1990 / sub e- noise CCDs

• Invented by Jim Janesick

• U.S. patent 5250824 (1993)

• Based on the floating-gate amplifier first reported by 

Fairchild in the early 1970’s

• Conventional CCDs use floating-diffusion amplifiers

https://doi.org/10.1117/12.19457https://doi.org/10.1117/12.19452

https://doi.org/10.1117/12.19457
https://doi.org/10.1117/12.19452
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VR

MR

M1

VRG

VDD

GND

VOUT

RL

VSUB

Cgd,M1

CM

Cgd,MR

FD
p-channel

CP

CFD

Floating-diffusion amplifier

Floating diffusion

Output transistor M1
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Floating-gate amplifier

• Floating-gate amplifier paper (1974 Fairchild)

DOI: 10.1109/JSSC.1974.1050535

https://doi.org/10.1109/JSSC.1974.1050535
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Floating-gate amplifier

• LBNL implementation (floating-gate amplifier)
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Skipper CCD operation

• Multiple, nondestructive reads of the charge (floating-gate)

• Noise ∝ Inverse square root of the number of samples

—1990 results

• 0.5 e- noise but no improvement after 256 samples
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Version 1 Skipper CCD tested at FermiLab

• 1022 x 1024 (15 um pixel)2 CCD (LDRD 2009)

• 0.2 e- after 1227 samples (2012)

https://doi.org/10.1007/s10686-012-9298-x

Factor of 2.5 better 

than 1990’s work

FG amplifier CCDs

https://doi.org/10.1007/s10686-012-9298-x
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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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[e-]x [pixel]

y 
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ix
e

l]

Skipper-CCD basics
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Faster readout for Skipper CCDs

• #1: Amplifiers every 512 columns (LSST type CCD)

• 4k x 2k, (10.5 µm)2 pixel CCDs with 16 amplifiers

• Tapered columns to 10.2 µm serial registers
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16-channel Skipper CCD results
Measurements at FermiLab (850 samples)

E. Marrufo Villapando (U Chicago)
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Faster readout for Skipper CCDs

• Multiple-amplifier sensing
• When the first pixel is read out of the Mth amplifier, the next pixel has 

been sampled by M-1 amplifiers

• ~ Conventional readout once the initial overhead to get to amp M

• Can average over the # of amplifiers if statistically independent

• Interest for astronomy

• Read once per amp with ~ 1 e- after averaging (16 amplifiers)
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Faster readout for Skipper CCDs

• Multiple-amplifier sensing
• When the first pixel is read out of the Mth amplifier, the next pixel has 

been sampled by M-1 amplifiers

• ~ Conventional readout once the initial overhead to get to amp M

• Can average over the # of amplifiers if statistically independent

• Interest for astronomy

• Read once per amp with ~ 1 e- after averaging (16 amplifiers)
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Faster readout for Skipper CCDs

• 8-amplifier version (testing at FermiLab)

https://doi.org/10.48550/arXiv.2308.09822

50 samples / amplifier

https://doi.org/10.48550/arXiv.2308.09822
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Faster readout for Skipper CCDs

• 8-amplifier version (testing at FermiLab)

https://doi.org/10.48550/arXiv.2308.09822

https://doi.org/10.48550/arXiv.2308.09822
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Dark Matter detection with CCDs

Fully depleted CCD advantages for dark matter detection

• Low noise / few e- and deep sub electron (Skipper CCDs)

• Thick depleted regions / larger mass 

• Background suppression / spatial and energy resolution

• Extremely low dark current for DM experiments

• Main disadvantage is the lack of timing information
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Dark Matter detection with CCDs

• Dark Matter CCDs require as large as practical volume 

limited by the standard wafer thickness 

• Semiconductor industry standards (SEMI/JEIDA)

• 150 mm / 200 mm Ø corresponds to 650 µm / 725 µm

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

• 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

https://doi.org/10.1109/TED.2009.2030631
https://doi.org/10.1117/12.672393
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MEDICI simulations

Potential minimum (collecting phase)

• Relatively insensitive to Vsub

• Wide range of Vsub possible

• Capacitor voltage divider effect

Vsub = 80V

Vsub = 30V
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Fully depleted CCDs / 2D simulations



QBI2023 54

September 28th , 2023

HV-compatible CCD design (SNAP)

30 minute dark exposure

200V Vsub

-140C
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Dark Energy Camera / Community instrument

• 500 um thick, fully depleted CCD (DESI R&D)

• MOSAIC3 was an 8k x 8k imager (2x2, 4k x 4k CCDs)

• Lead institution was Yale University

• One CCD now installed in the Keck LRIS instrument

A. Dey et al, “Mosaic3: A red-sensitive upgrade for the prime focus camera

at the Mayall 4m telescope”, Ground-based and Airborne Instrumentation for Astronomy VI, 

edited by Christopher J. Evans, Luc Simard, Hideki Takami

Proc. of SPIE Vol. 9908, 99082C,2016
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Dark Energy Camera / Community instrument

• 500 um thick, fully depleted CCD (DESI R&D)

• MOSAIC3 was an 8k x 8k imager (2x2, 4k x 4k CCDs)

• Lead institution was Yale University

• One CCD now installed in the Keck LRIS instrument

A. Dey et al, “Mosaic3: A red-sensitive upgrade for the prime focus camera

at the Mayall 4m telescope”, Ground-based and Airborne Instrumentation for Astronomy VI, 

edited by Christopher J. Evans, Luc Simard, Hideki Takami

Proc. of SPIE Vol. 9908, 99082C,2016



QBI2023 57

September 28th , 2023

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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Dark Matter detection with CCDs

Fully depleted CCD advantages for dark matter detection

• Low noise / few e- and deep sub electron (Skipper CCDs)

• Thick depleted regions / larger mass 

• Background suppression / spatial and energy resolution

• Extremely low dark current for DM experiments

• Main disadvantage is the lack of timing information
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Dark Current

• Dark current measurements on a fully depleted 

LBNL CCD / line is the Shockley-Read-Hall model

300K blackbody



QBI2023 60

September 28th , 2023

Dark Current

• Dark Matter CCDs surrounded by cold Cu to 

suppress 300K blackbody radiation
— https://doi.org/10.1016/j.physletb.2012.04.006

https://doi.org/10.1016/j.physletb.2012.04.006
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“Dark Current” / SEE
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Dark Current

• Deep underground to reduce photon generation 

from high-energy particles e.g. cosmic-ray muons

• Photons from e- hole recombination in P-doped layers

• Low probability but a problem for DM detection

• High-energy particles produce Cherenkov radiation

• Photon background

• 10.1103/PhysRevX.12.011009

•

https://doi.org/10.1103/PhysRevX.12.011009
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“Dark Current” / SEE
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“Dark Current” / SEE

Single-electron event rate:  (1.594 +/- 0.160) x 10-4 e/pix/day (135K)

10.1103/PhysRevLett.125.171802

https://doi.org/10.1103/PhysRevLett.125.171802
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“Dark Current” / SEE

Single-electron event rate:  (1.594 +/- 0.160) x 10-4 e/pix/day (135K)

10.1103/PhysRevLett.125.171802

Other sources of SEE’s

• Output transistor light emission

• Clock-induced (spurious) charge

Not covered:  Technology development for low dark current / gettering method

https://doi.org/10.1103/PhysRevLett.125.171802
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Enabling technology: Float-zone silicon

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

Bulk dark current ~ xD /t (xD = Depletion depth)

Effective “gettering” method used to maintain low dark current
LBNL/DALSA method is backside in-situ doped polysilicon

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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Dark Matter detection with CCDs

Fully depleted CCD advantages for dark matter detection

• Low noise / few e- and deep sub electron (Skipper CCDs)

• Thick depleted regions / larger mass 

• Background suppression / spatial and energy resolution

• Extremely low dark current for DM experiments

• Main disadvantage is the lack of timing information
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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

10.1088/1748-0221/10/08/P08014

10.1088/1748-0221/10/08/P08014
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Dark Matter detection with CCDs

• Fully depleted CCDs for dark-matter detection cont’
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Future work

• Large-format CCD development with 16 x 4 amplifiers

• U Chicago lead institution

• Challenge: Large format CCDs on 200-mm wafers

• Stitching with wafer-stepper lithography

• Requires new backside n+ technology

• Possible new application

• Imaging of biological tissue

UC-Berkeley Physics
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Compton spectrum / Skipper CCDs

• Fundamental Si studies with Skipper CCDs
• Silicon response to low-energy particles is needed for DM studies

• Compton effect / low-energy Compton electrons generated in the bulk 

of the silicon can mimic dark-matter particles
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Compton spectrum / Skipper CCDs

• Fundamental Si studies with Skipper CCDs
• 650 um thick LBNL CCD sub-image / 30 minute dark at -150C

• Sea-level (LBNL CCD lab)

• Highly curved tracks are (mostly) Compton electrons

• Low-energy, point-like events are problematic for DM detection

• Don Groom (retired LBNL) terminology:  Worms and spots
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Compton spectrum / Skipper CCDs

• Fundamental Si studies with Skipper CCD

• e- counting to 550 e-

• Exposure in days

• 106 with 241Am

• 224k images

• 48 no source

• 103k images

• 23 eV lower limit

10.1103/PhysRevD.106.092001

DAMIC-M

https://doi.org/10.1103/PhysRevD.106.092001
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Enabling technology: Float-zone silicon

• Float-zone refining:  Favorable impurity segregation into the liquid phase, and localized 
melting with repeated passes results in extremely pure silicon

• 10 kW-cm n-type doping level is ~ 4 x 1011 cm-3, or a purity level of about 1 part in 1011

• The depletion voltage ~ xDepl
2/r, and bulk dark current ~ xDepl/t (xDepl = Depletion depth)

• Standard Czochralski silicon limited to a resistivity r of about 50 ohm-cm (O2 donors)

— Conventional CCDs and CMOS image sensors limited to depletion depths of a few to ~ 20 um

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 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

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


QBI2023 78

September 28th , 2023

Dark Current

• One final topic related to Skipper CCDs

—Dark current

• We use gettering methods during the CCD 

fabrication to maintain low dark current 

—Backside in-situ doped (P) polysilicon (ISDP)

Especially important for 

thick, fully depleted devices
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Dark Current

• Dark current from the substrate is determined by 

extremely low levels of unwanted impurities (metals) 

that have energy states near the bandgap center

• In the early semiconductor days metals in Si were 

referred to as “Deathnium” (William Shockley)
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• A significant and collaborative effort was needed 

to optimize the “gettering” process to achieve 

low dark current

MultiHEP 2020 Workshop 12Nov2020
80

The Gettering Process for High-r silicon

• Backside layer traps 

“lifetime killing” impurities 

(metals)

• Looks simple, but a high 

yield, robust process was 

not trivial to realize

• Close collaboration and 

willingness on Mitel / 

DALSA’s part was critical

• https://www.sciencedirect.com/scie

nce/article/pii/0168900289907419

https://www.sciencedirect.com/science/article/pii/0168900289907419
https://www.sciencedirect.com/science/article/pii/0168900289907419
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• Dark current for high-r silicon pin diodes

MultiHEP 2020 Workshop 12Nov2020
81

• Comparison study of various 

gettering methods (1997)

• https://www.sciencedirect.com/scie

nce/article/pii/S0168900297006128

The Gettering Process for High-r silicon

https://www.sciencedirect.com/science/article/pii/S0168900297006128
https://www.sciencedirect.com/science/article/pii/S0168900297006128
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• QE results DECam ITO SiO2 AR coating

Quantum Efficiency
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• New anti-reflection coating material used in the 

DESI CCDs to address ITO performance

Quantum Efficiency

• ITO index decreasing 

with l

• Looks like single AR 

coating at long l when 

used with SiO2
Ɨ

• Replace most of the 

ITO with ZrO2

Ɨ Pointed out originally by Don Groom
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CCDs and CMOS image sensors
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CCDs and CMOS image sensors

, dark matter and fundamental radiation detection.
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CCDs and CMOS image sensors



QBI2023 87

September 28th , 2023

High-voltage compatible CCDs

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

• Carrier transit time (holes)
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