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2009 Nobel Prize in Physics awarded
to the inventors of the CCD

In 1969, Willard S. Boyle and George E. Smith invented the first successful
imaging technology using a digital sensor, a CCD (charge-coupled device).
The two researchers came up with the idea in just an hour of brainstorming.

"for the invention of an imaging
semiconductor circuit — the CCD sensor"

Bell Labs researchers Willard Boyle (left) and George Willard S. Boyle George E. Smith

Smith (right) with the charge-coupled device.
Photo taken in 1974. Photo credit: Alcatel-Lucent/Bell Labs.




Credits and sincere thanks
to all contributing parties

Presentations from the workshop entitled “Scientific Detectors for Astronomy 2005”

CCDs: Barry Burke, Paul Jorden, Paul Vu

CMOS: Markus Loose, Alan Hoffman, Vyshnavi Suntharalingham
Pan-STARRS: John Tonry

For reference, see workshop proceedings: Scientific Detectors for Astronomy 2005,
Jenna E. Beletic, James W. Beletic and Paola Amico (editors), Springer, (2006).

Other sources

Slide set used in presentations at the NATO Advanced Studies Institute — Corsica (2002)

For reference, see: “Optical and infrared detectors for astronomy: basic principles to state-
of-the-art”, James W. Beletic, chapter in book from the NATO Summer School: Optics in
Astrophysics, Renaud Foy (editor), NATO Sciences Series I, Springer (2004).

James Janesick CCD Course Notes

“Substrate Removed HgCdTe-Based Focal Plane Arrays for Short Wavelength Infrared Astronomy”,
by Eric Piquette et al (2007)

Wikipedia and other Internet sites
Individual slides as identified in the presentation

Disclaimer

All information presented in this slide set is accurate according to the best knowledge of the authors

(James Beletic and Markus Loose). Any errors in content or presentation are solely due to the
authors, and not the persons listed above.
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Optical and Infrared Astronomy
(0.3to 25 um)

Two basic parts

BEERRISE to collect and focus light TN to measure light
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Optical and Infrared Astronomy
(0.3to 25 um)
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Instrument goal Is to measure a 3-D data cube

8 Inf-ansﬂry*i

0.. . L] . .V*\ . el
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But most detectors are 2-dimensional !
 Detectors are WHITE
« Can not measure color
* Only measure intensity

Optics of the instrument are used to map
a portion of the 3-D data cube onto
the 2-D detector

With appropriate apologies to Foveon and 37 Gen IR
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The Electromagnetic Spectrum
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Orion - In visible and infrared light




Temperature and Light

15.000 K star

the Sun (5,800 K) < |
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Atmospheric transmission

Not all of the light gets through atmosphere to ground-based telescopes

LWIR VLWIR

... Atmospheric Transmission -

Wavelength (microns)
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Spectral Bands

Defined by atmospheric transmission & detector material properties

U‘J NIR SWIR S LWIR VLWIR
Y

.. Atmospheric Transmission .
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OH provides a constant source of illumination in the near infrared

OH created by the reaction: H+ O; —» OH +0,

Thin emitting layer at ~85 km altitude

Daytime intensity is 3x nighttime intensity, and intensity drops 40% during the night
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OH airglow (1.0-1.9 um)
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E =hv

En erg y Of a p h oton h = Planck constant (6.6310-34 Joule*sec)

v = frequency of light (cycles/sec) = A/c

Wavelength (um) Energy (eV) Band
0.3 4.13 Uv

0.5 2.48 Vis
0.7 1.77 Vis
1.0 1.24 C NIR |

Note Bene:

2.5 0.50 SWIR

IR Industry
50 0.25 MWIR definitions
10.0 0.12 LWIR NOT the

same for

20.0 0.06 VLWIR astronomers !

« Energy of photons is measured in electron-volts (eV)

« eV = energy that an electron gets when it “falls” through a 1 volt
potential difference.




JWST - James Webb Space Telescope

15 Teledyne 2Kx2K infrared arrays on board (=63 million pixels)

6.5m mirror

* International collaboration
* 6.5 meter primary mirror and tennis court size sunshield
e 2014 launch on Ariane 5 rocket

+ L2 orbit (1.5 million km from Earth) ~ "2RG queliied to TRL-6

qualified to TRL-9
JWST will find the “first light”
objects after the Big Bang, and NIRCam
will study how galaxies, stars

and planetary systems form (Near Infrared Camera)

1
Ik 1Ll

ges guide stars for telescope: ERc
IR

L7

T

= @

rTwo 2X2 mosaics | Two |nd|v|dual
of SWIR 2Kx2K MWIR 2Kx2K

ide field imager
Studies morphology of objects

2 o o 5

and structure of the universe

U. Arizona/ Lockheed Martin
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.L o e L 1eV = 1.6+101°J (J = joule)

An electron volt 1J = Nem = kgem+sec?+m
1 kg raised 1 meter = 9.8J = 6.1+10"0 eV

oy «::* The energy of a photon is VERY small
IS eXtrem ely Sm‘a“ — Energy of SWIR (2.5 um) photon is 0.5 eV

< % weew o In 5 years, JWST will take ~1 million images

15 H2RG _ — 1000 sec exp., 15 H2RGs, 90% duty cycle

2Kx2K arrays — Photons / H2RG image = 3.6 x 10'% photons
63 million pixels ] « 5% pixels at 85% full well
1] 10% "  at40% full well Full well
10% " at 10% full well 85,000 e-
75% " at 1% full well

— Total # SWIR photons detected = 3.6 x 106
— Total energy detected = 1.8 x 1076 eV
« Drop peanut M&M® candy (~2g) from
height of 15 cm (~6 inches)
— Potential energy = 1.8 x 1016 eV

IH

0 1 123 14 1

15 cm peanut M&M® drop is
equal to the energy detected
during 5 year operation of the

James Webb Space Telescope!
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The Ideal Detector

* Detect 100% of photons v Up to 98% quantum efficiency

« Each photon detected as a v One electron for each photon
delta function

« Large number of pixels v'~1,400 million pixels (>10°9)

 Time tag for each photon No - framing detectors
v APDs & event driven readout

* Measure photon wavelength No — defined by filter
v Foveon, 3@ Gen IR

* Measure photon polarization No — defined by filter
Can place filter on detector

Plus READOUT NOISE and other “features”
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6 steps of optical / IR photon detection

Anti-reflection coating
Substrate removal

Detector Materials
Si, HgCdTe, InSb, Si:As

Electric Fields in detector
collect electrical charge

1. Light into detector

A 4

2. Charge Generation

3. Charge Collection EREES

Quantum
Efficiency

)’

Photodiode

Point Spread Function

i

: Charg

Voltage

Transfer

Charge-to-

Conversion

4. Charge-to-
Voltage

Transfer

A\ 4

6. Digitizatio
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6 steps of optical / IR photon detection

Anti-reflection coating
Substrate removal

1. Light into detector

A 4
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15t Step: Get light into the detector
Anti-reflection coatings

Velocity of light =c/ n

c = speed of light in a vacuum
h = index of refraction of medium

Light incident from this medium
n; = index of refraction

Light transmitted into this medium
Ny = index of refraction

ky

For transmission directly into interface (angle of incidence = 0°)

R = fraction of incident energy reflected
((ng - 1)/ (Ng + Ny))?
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Loss at a surface

Air n, = 100 Glass n, =15
. > 96%
40/0 7
Air n, = 100 Silicon n, ~ 4
o Turns an 8-m
64 7% telescope into
360/0 an 6.4-m |
Air n, = 100 HgCdTe n, = 3.7

Turns an 8-m
telescope into

67 %
330/0 a 6.5-m|




Single layer anti-reflection coatings
(angle of incidence = 0°)

Incident from this medium Transmitted into this medium
Ny

If Nigyer” =Mny = 0% reflected, 100% transmitted |
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ldeal CCD anti-reflection coating

n, =1 =2 Silicon ny =4

Nayer

100%
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Actual CCD anti-reflection coating

Air Hafnium Oxide Silicon

Nayer ™ e

997

Quarter wave Hf0, at 560 nm is 0.25(560)/2 = 70 nm
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For fixed spectra,
Predicted CCD Quantum Efficiency can use a variable
Hafnium Oxide AR Coatings single layer AR
coating for max.
transmission at all
wavelengths

Coating Thickness

— 100A

180A

200A

300 A

400 A

— 500 A

— & A

| —700 A

800 A
S00A/900A Mgk

e SR

i i 200 30 400 500 o600 700 800 900 1000 1100 1200
M. Lesser i
Steward Qbservarory CCD Laborarary “ R‘FElEngth [ nim }

Quarter wave Hf0, at 560 nm is 0.25(560)/2 = 70 nm (700 A)

) _— . Mike Lesser, U. Arizona
Beletic and Loose — Scientific Imaging Sensors — Oct 2009




Example Anti-reflection coating for HgCdTe

Anti-reflection coatings
for 1.7 micron cutoff
substrate-removed
HgCdTe detectors
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6 steps of optical / IR photon detection

A 4

Detector Materials ]
Si, HgCdTe, InSb, Si:As 2. Charge Generation

A 4
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Crystals are excellent detectors of light

Structure of An Atom

Silicon crystal lattice
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Simple model of atom

— Protons (+) and neutrons in the nucleus
with electrons orbiting

Electrons are trapped in the crystal lattice
— by electric field of protons
Light energy can free an electron from the
grip of the protons, allowing the electron to
roam about the crystal
— creates an “electron-hole” pair.

The photocharge can be collected and
amplified, so that light is detected

The light energy required to free an electron
depends on the material.




Charge Generation

PHOTO-ELECTRIC EFFECT

Silicon CCD

SILICON SURFACE

Similar physics for
IR materials

C

CONDUCTION BAND, E,

(
= Q
-3 [
k%\/ _ FERmILeveLg, %Y
VALENCE BAND, €, l
®

o = ENERGY OF PHOTON (eV)
365eVie"

A 12390
ENERGY OF PHOTON (eV)
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Periodic Table

1 2
H He
Hydrogen Helium
1.0 4.0
2 L) 5 5] T 2 a 10
Li | Be B | C N | O F | Ne
Lithium Berylium Baoron Carbon Mitra gen Corygen Fluorine Meon
5.9 9.0 10.8 12.0 14.0 16.0 19.0 20.2
11 12 13 14 15 16 17 18
Na | Mg Al | Si| P S | Cl| Ar
Sodium B gnesium Auminum Silicon Phosphonis Suliar Chlarine Agaon
23.0 9.0 27.0 28.1 21.0 221 25.5 40.0
18 20 21 22 23 24 25 26 27 28 28 30 21 3z 33 34 35 36
K| |Ca|Sc| Ti [V |Cr|{Mn|Fe |Co| Ni |Cu|Zn|Ga|Ge|As | Se | Br | Kr
Pota==sium Calcium Scandium Tianium “anadium | Chromium | hdengane e Fon Colbalt Miche| Copper anc Gallium Gemmanium | Arsenic Selenium Bromine Erptan
3291 40.2 45.0 47.9 50.9 52.0 54.9 55.9 58.9 58.7 53.5 55.4 59.7 726 74.9 72.0 729 23.8
a7 38 38 40 41 42 43 44 45 46 47 48 43 50 g1 g2 53 54
Rb| Sr | Y [Z2Zr [ Nb|Mo|[Tc |Ru|Rh|(Pd|[Ag|Cd | In [Sn|Sb|Te | | | Xe
Rubidium Stromtiu m Yfitium Jrconium Mobium  [hiolybdenum | Technetium | Buthenium | Rhodium Palladium Siluer Cadmium hdium Tin Fotimony | Telluiom lodine Henon
25.5 276 289 912 2249 259 29 101.0 102.9 1064 107.9 112.4 114.8 118.7 121.8 127 6 125.9 131.3
55 56 57-T1 TZ 73 74 78 TG 77 Ta 78 &0 g1 8z 83 24 85 =]l
Cs | Ba | Hf | Ta| W [Re |Os | Ir [ Pt |Au|Hg | Tl [ Pb| Bi [ Po | At | Rn
Caesium Barium | Hatium Tantlum Tung sten Fhenium Ci= mium i dium Plati num Gild heria my Thallium Lead Bizmuth Paolanium Aetatine Radon
132.9 137.4 _ 178.5 151.0 1239 1865.2 190.2 192.2 195.1 187.0 2006 204.4 207 .2 208.0 210.0 210.0 2220
a7 28 ' 59-103 104 105 106 107 108 109 110
Fr | Ra | Rf [Db| Sg | Bh | Hs | Mt |Uun
Francium Radium | Fatierordm | Cubnium | Seaborgium | Bohrium Haszsium | hkitnerdum | Ununniliom Types of Ekmerte By
2230 2260 261 2562 263 262 265 266 272 |:|
- Alialimhetak
[ ] Afalie earth metak
|:| Trareition metak
|:| Larth arides
[ actinides
57 58 58 G0 61 52 53 G54 G5 G G7 GE G2 Ei] 71 I:l 5 ik
00T
La |Ce | Pr [Nd ([Pm|Sm|Eu|{Gd | Tbh | Dy [ Ho | Er [ Tm | Yb | Lu
Lanthanum Carum Prage cdym am | Meo dymium | Promethium | $amarum | Buropium | Gadolinium | Terbium | Dy prosiom | Halmium Erbium Thulium itte rbium Luttetium I:l Sarnietak
138.9 140.1 140.9 144.2 147.0 150.4 152.0 157 .3 158.9 162.5 164.9 167.3 165.9 173.0 175.0
29 a0 a1 az a3 a4 a5 96 a7 a8 alel 100 101 102 103 I:l Mo ametak
Ac ([ Th|Pa| U |[Np|Pu|Am |Cm | Bk | Cf | Es | Fm | Md | No | Lr
Fotinium Thorum | Pro@cinium | Uanium Meptunium | Plutonium | Amercum Curium Berelium | Califmium | Bnsteinium | Fermium  fulendelewom] Mobeliom | Lawrencium I:l Hobk gases
132.9 2320 231.0 238.0 237 .0 24210 243.0 2470 2470 251.0 254.0 253.0 286.0 2540 2570
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Periodic Table

Im 11 I1Iv v VI
Si
G.a As
Cdj In Sh | Te
Hg
Detector Families
HgCdTe - lI-VI semiconductor
InGaAs & InSb - 1lI-V semiconductors
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Photon Detection

For an electron to be excited from the Conduction Band
conduction band to the valence band

29
hv > gg Valence Band

= -34 o —
h_ Planck constgnt (6.6310 Jou_le sec) kc = 1.238 /gg (e\/)
v = frequency of light (cycles/sec) = A/c
g, = energy gap of material (electron-volts)

Material Name Symbol 59 (eV) A (Lm)

Silicon Si 1.12 1.1
Indium-Gallium-Arsenide InGaAs 0.73-0.48 1.68" — 2.6
Mer-Cad-Tel HgCdTe 1.00 — 0.07 1.24 - 18

Indium Antimonide InSb 0.23 9.5

Arsenic doped Silicon Si:As 0.05 25

*Lattice matched InGaAs (In, .,Ga, ,,As)
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Tunable Wavelength: Valuable property of HQCdTe
Hg,,Cd, Te Modify ratio of Mercury and Cadmium to “tune” the bandgap energy

Bandgap and Cutoff Wavelength
as function of Cadmium Fraction (x)

1.6
1.4
1.2

1
0.8
0.6
0.4

0.2 heg = 3.0 pum

heo = 1.7 pm

—_—77 K
- = 300K

O
-
—
O
=
Q)
<
©
D
=
Q
—
=]
S
o

1=

=
El

0

015 02 025 03 035 04 045 05 055 06 065 07 075 08 08 09 095 1

Cadmium Fraction (x)

E,=-0.302+1.93x - 0.81x" +0.832 X’ +5.35x10 ' T (1 - 2x)
G. L. Hansen, J. L. Schmidt, T. N. Casselman, J. Appl. Phys. 53(10), 1982, p. 7099
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Absorption Depth

The depth of detector material that absorbs 63.2% of the radiation

1/e of the energy is absorbed

1 absorption depth(s) 63.2% of light absorbed
2 86.5%
3 95.0%
4 98.2%

For high QE, thickness of detector material should be = 3 absorption depths

Indirect Band Gap

Silicon is an indirect bandgap material and is a
poor absorber of light as the photon energy
approaches the bandgap energy. For an indirect
bandgap material, both the laws of conservation
of energy and momentum must be observed. To Conduction Band
excite an electron from the valence band to the
conduction band, silicon must simultaneously d transition
absorb a photon and a phonon that compensates
for the missing momentum vector.

Valence Band

fomentum
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Absorption
Depth of
Silicon

10

1

0.1

Absorption depth [ pm]

0.01

0.001 I I I I I I I |
300 400 bH0OO 600 700 800 900 1000 1100

Wavelength [nm]

For high QE in the near infrared, need very thick (up to 300 microns) silicon detector layer.

For high QE in the ultraviolet, need to be able to capture photocharge created within 10 nm
of the surface where light enters the detector.

In addition, the index of refraction of silicon varies over wavelength — a challenge for anti-
reflection coatings.
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UV / Blue CCD Quantum Efficiency

* Need very thin backside
passivation layer

* Technologies
— Boron implant and laser anneal
« E2V, MIT/LL
— MBE
0.01
® JPL, MIT/LL 0.001

— Chemisorption coating that
produces positive charge

» University of Arizona (Lesser)
Licensed by Fairchild

o -
=

Absorption depth [ um]

300 400 500 600 700 800 900 1000 1100

Wavelength [nm]
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Effect of anneal process on QE

RoORoN DOPANT CONCEMTRATIoN TFROFILES
OROA  L2TAR

_—

I I
DEVICE 7-171-7
510 "em 2 IMPLANT
SINGLE-PLILSE FWHM = 52 ns |
1.41Jem?

=] = = IJJ'@(L

Lol

atans

per em’
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SECONDARY , . ANMEARL
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SPECTROMETRY SPREADING
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sl

FuRNACE
4= ANANEAL.
PRoCESS

| ] ]
50 100 150 200
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i aganl

i iv : / d using both spreading resistance
Figure 9. Plot of the active dopant Jboron) vs. depth measure ;
al:lfi secondary ion mass spectrometi’y (SIMS) methods. The boron was implanted and «hen

activated by a pulsed laser anneal.

miT/r- DATA

400nm

) _ ) Cyril Cavadore, ESO
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Quantum Efficiency of AR-coated MBE Devices

Absorption length (nm)

300 350
Wavelength (nm)

>
Q
c
D
Lo
=
Q
£
=
"
c
©
=
C

HfO,/SiO, (broadband, low

fringing)

« UV (<400 nm) is challenging

= Shallow penetration depth of radiation (<10
nm at A=200-350 nm)

= Requires extremely thin, doped surface layer
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600 700 800 1000 1100
Wavelength (nm)

MBE processed
Device thickness = 45um, T = 20°C

Barry Burke, MIT/LL




NIR Silicon CCD Quantum Efficiency

« Optical absorption depth
800 nm 11 um
900 nm 29 um
1000 nm 94 um

—
- O

o
7,

« N-channel CCD (collect electrons)
— Standard CCDs 10-15 um thick

— Thick high-resistivity 40-50 pum thick '
. MIT/LL, e2v 300 400 500 :{oo I 70:; [ 8C])O 900 1000 1100
aveleng nm

Absorption depth [ pm]

« P-channel CCD (collect holes)

— Very thick 200-300 pum thick
- LBNL
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Near-IR Imaging enabled by
very thick silicon sensors

RONOMY OBSERVATURY
» U.S. Geminl Frogram

September 2000
-

3-phase
CCD structure

Poly gate
electrodes

buried
p channel

T
(10 kQ-cm)
photo-

sensitive
volume
(300pm)

T

Transparent
rear window
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Planetary Nebula NGC (M 27) - VLT UT1+FORS1

Southem Obsery

Lawrence Berkeley National Laboratory




A very thick silicon detector Is also
a very good sensor of cosmic rays

1000 \ /
Muons Worms
Spots

Our 300-pm thick depleted CCD gives us the great advantage (curse?) that

we can see the events in new detail

. - . Lawrence Berkeley National Laboratory | ,,
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Hybrid Silicon PIN Quantum Efficiency

—_
o

1

0.1

Absorption depth [ um]

0.01

0.001

achieves as high QE as

CCDs in the NIR

300

LI

UWAB Coating
't A Cogting
Blue Coating
MIR Coating

400 5B00 600 700 800 9S00 1000 1100

Wavelength [nm]

—8— HWIS| - thick detector layer  (50V bias)
—a— HyViS| - thinner detector layer (22V bias)
Monglithic CMOS with microlens

90
80
70
60
50
40
30
20
10

0

Effective QE (%) - QE x Fill Factor

}ewsiue %{ MIF:
400 500 600 TOO

00 B00
Wavelength, nm

1000 1100

—e— HfO2 AR coating

SiO2 AR Coating
original QEwith SiO2

300 400

500 600 700 800 900 1000 1100 1200

Wavelength (nm)

Computed QE curves
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Rule of Thumb

Absorption Depth of HQCdTe et

needs to be about equal
to the cutoff wavelength

1 E+02 - E_S i S—s— [

] Bt

— 0T =1.7 microns
— 2.5 microns
— & Microns

— 2 micrans

1.E-01 7 e

Absorption Length (microns)

1.E-02
0 3 10

Wavelength (microns)
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Two methods for growing HgCdTe

1. Liquid Phase Epitaxy (LPE)

2. Molecular Beam Epitaxy (MBE)
—  Enables very accurate deposition = “bandgap engineering”
—  Teledyne has 4 MBE machines for detector growth

RIBER 10-in MBE 49 System

RIBER 3-in MBE Systems

3 inch diameter '
platen allows . .
growth on one 4 10 inch diameter
_ 6x6 cm = platen allows
] simultaneous growth

substrate
. on four 6x6 cm
' substrates

More than 7500 MCT
wafers grown to date

Teledyne Imaging Sensors

Beletic and Loose — Scientific Imaging Sensors — Oct 2009




Quantum Yield: one photoelectron for every detected photon
...for most wavelengths of interest to ground-based astronomy

Silicon

Quantum yield of silicon in the UV

For wavelengths that are 30% to 100% of | s en
the cutoff wavelength, there will a single
electron-hole pair created for every
detected photon.

Quantum yield

For shorter wavelengths (higher energies),
there is an increasing probability of
producing multiple electron-hole pairs.

For silicon, this effect commences at ~30% Wavelength (nm)
of the cutoff wavelength (A < 330 nm).

Data from Barry Burke, MIT Lincoln Laboratory

HgCdTe

« Limited data from HgCdTe detectors shows that quantum yield is not significant at
800 nm for a 5400 nm cutoff detector (11% of cutoff wavelength).
« The quantum yield of HgCdTe is still being investigated.
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Dark Current
Undesirable byproduct of light detecting materials

flv) =4m ( m ) " exp

Colder Temp 2mkT .

These vibrations have
enough energy to pop
electron out of the valence
band of the crystal lattice

)
&)
E
©
Y
o
C
o
=
(@)
©
| .
L

Energy of vibration

» The vibration of particles (includes crystal lattice phonons, electrons and holes) has
energies described by the Maxwell-Boltzmann distribution. Above absolute zero, some
vibration energies may be larger than the bandgap energy, and will cause electron
transitions from valence to conduction band.

Need to cool detectors to limit the flow of electrons due to temperature, i.e. the dark
current that exists in the absence of light.

The smaller the bandgap, the colder the required temperature to limit dark current
below other noise sources (e.g. readout noise)

Beletic and Loose — Scientific Imaging Sensors — Oct 2009




Dark Current of Silicon-based Detectors

Dark Current of e2v CCDs
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] MAXIMUM VALUES
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1E-1-

1E-2-

1E-3+ i i i % |
-120 -100 -80 -60 -40 -20
Temperature, °C e2v TECHNOLOGIES

In silicon, dark current usually dominated by surface defects

. _— . e2v technologies A
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Dark Current of HgCdTe Detectors

Dark
Current

Electrons
per pixel
per sec

18 micron
square
pixel

90 110 130 150 170 190 210 230

Temperature (K)
HgCdTe cutoff wavelength (microns)

. i . Teledyne Imaging Sensors
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6 steps of optical / IR photon detection

A 4

3. Charge Collection

Electric Fields in detector
collect electrical charge

b 4
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Two main parts of an imaging detector
Detector material & Solid state electronics

Incident : " ial
light Light sensitive materia

that converts photons
to electron-hole pairs

Solid state electronics
that amplify and read
out the charge
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3. Charge Collection

/\’ Light sensitive material

is electrically partitioned
into a 2-D array of pixels
(each pixel is a 3-D volume)

Y Solid state electronics
/ / that amplify and read
X

out the charge

Intensity image is generated by collecting photocharge generated in 3-D
volume into 2-D array of pixels.
Optical and IR focal plane arrays both collect charges via electric fields.

In the z-direction, optical and IR use a p-n junction to “sweep” charge
toward pixel collection nodes.
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Photovoltaic Detector Potential Well

n-channel CCD incident
3 4 5 photons

B Can collect either
Si electrons or holes

Nota bene !

potential

diztance _
from baclk

surface

-
electrons are

collected
0.25-0.5 pum
from front
surface at Boron doping
the potential

=1 T U

P

+ + + + 4+ t+ 4+ + + + 4

.~ Phosphorous doping

Silicon, HgCdTe and InSb are photovoltaic detectors. All use a pn-junction
to generate E-field in the z-direction of each pixel. This electric field
separates the electron-hole pairs generated by a photon.
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Charge Collection

CCD and CMOS focal plane arrays are different for charge collection
In the x and y dimensions.

CMOS - collect charge at each pixel and have amplifiers and readout
multiplexer

CCD - collect charge in array of pixels. At end of frame, move charge
to edge of array where one (or more) amplifier (s) read out the pixels.

2-D array
of pixels

Beletic and Loose — Scientific Imaging Sensors — Oct 2009




6 steps of optical / IR

Electric Fields in detector
collect electrical charge

A

4

Charge collection in the x-y plane is
where CCD and CMOS diverge.

Concentrate now on CMOS:
« Charge collection in x-y plane
« Charge-to-voltage conversion
« Signal transfer

Start with IR array fabrication.

3. Charge Collection

b 4

4. Charge-to-
Voltage
Conversion

]

5. Signal
Transfer
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CMOS

Source follower,
CTIA, DI

Random access
or full frame read




HgCdTe IR FPA Manufacturing Process

Detector Fabrication

MBE Detector |:||:| |nd|umbump,. [
growth Processmg D D Dice 0 Detector arrays

CdZnTe substrate MCT epilayer Processed wafer

e IR " oy "
e —

_

Sensor Chip Assembly

Multiplexer Design and Fabrication

CMOS Receive

mixed signal  Fabrication ~ wafers
design at foundry from foundry

[
»

, . _ Teledyne Imaging Sensors
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Substrate Removal of HgCdTe

The new standard in astronomy

Substrate Removal Process
@ Detectors are hybridized
The hybrids are epoxy backfilled
% CdZnTe substrates are then mechanically thinned

Remaining substrate is removed by etching,
stopping in the HgCdTe layer

@ The etched surface is passivated and AR coated
@ The hybrid packaging is completed

(5) ®)
B | Peckeong

Clea}red for Public Released by the Office of Security
Beletic and Loose — Scientific Imaging Sensors — Oct 2009 Review of the Department of Defense (08-S-0170)
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QE Improvement With Substrate Removal

Spectral Response (FPA) at 145K Quantum efficiency
improves across the IR
Substrate OFF - band after substrate
= " removal, particularly at
short wavelengths, and
HgCdTe is sensitive to
visible light.

Substrate ON

Substrate On (FPA#50)
—o— Substrate Removed (FPA#148)

1000 1200 1400 1600
Wavelength (nm)

FPA QE measured by NASA Goddard Detector
Characterization Laboratory (no IPCC)

Cleared for Public Released by the Office of Security T .
! eledyne Imaging Sensors
Beletic and Loose — Scientific Imaging Sensors — Oct 2009 Review of the Department of Defense (08-S-0170) Y g'ng




Cosmic Rays and Substrate Removal

» Cosmic ray events produce clouds of detected signal due to
particle-induced flashes of infrared light in the CdZnTe
substrate; removal of the substrate eliminates the effect

2.5um cutoff, substrate 1.7um cutoff, substrate 1.7um cutoff, substrate off

*Roger Smith (Caltech) SPIE 5-25-2006

Cleared for Public Released by the Office of Security :
Review of the Department of Defense (08-S-0170) Teledyne Imagmg Sensors
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Quantum Efficiency (%)

Quantum Efficiency
Dark current (145K)

Readout noise

600 800 1000

Throughput x Area (arcsec”)

Hubble Space Telescope
Wide Field Camera 3

HST Discovery Efficiency

ACS/WEC

/ WEC3/IR

WEC3/UVIS

/

NICMOS/MNIC3
ACS/HRC

300 400 500 700 1000
Wavelength (nm)

—— 1
a— Q2 (offset)
— Q3
— Q4

= 85-90%

0.02 e-/pix/sec
25 e- (single CDS)

- WFC3/UVIS

%" WFC3IR

Stellar Jet in the Carina Nebula
Hubble Space Telescope - WFC3/UVIS/IR

NASA, ESA, and the Hubble SM4 ERO Team

» 1024%1024 pixels, 18.5 micron pitch

1200 1400 1600

e Substrate-removed 1.7 ym HgCdTe arrays

STScl-PRC09-25b

* Nearly 30x increase in HST discovery efficiency

Wavelength (nm)




Moon Mineralogy Mapper Moon water findings are a game-changer
D| scovers Water on the Moon Discovery calls into question 40 years of assumptions about lunar surface

By Andrea Thompson
updated p.rm. PT, Thurs,, Sept ., 24,

ead but small amounts

Sensor Chip Assembly
Focal Plane Assembly

_ . _ Teledyne Infrared FPA
I T i - 640 x 480 pixels (27 um pitch)
Instrument at JPL before + Substrate-removed HgCdTe (o_fﬂfto 3.0 ym)
. : + 650,000 e- full well, <100 e- noise
shipment to India _ )
+ 100 Hz frame rate (integrate while read)
+ <70 mW power dissipation
Package includes order sorting filter
+ Total FPA mass: 58 grams

261 Band
Spectrum

=

Completion of Chandrayaan-1 spacecraft integration 2 3 _ _ 20 mbbel @1 .
Moon Mineralogy Mapper is white square at end of arrow ‘ st ah ke

Chandrayaan-1 in the Launch from Satish  Moon Mineralogy Mapper resolves visible and infrared
Polar Satellite Launch Vehicle Dhawan Space Centre  to 10 nm spectral resolution, 70 m spatial resolution
100 km altitude lunar orbit




HgCdTe hybrid FPA cross-section

(substrate removed)

Incident
Photons

Bulk n-type HgCdTe

Anti-reflection
coating

implanted p-type HgCdTe

T T (coIIect holes)

N

indium bump

silicon multiplexer MOSFET input

Output
Signal
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Hybrid CMOS Infrared Imaging Sensors

Illumination

Silicon
read-out array

Multiplexed
output

"\‘ TELEDYNE
IMAGING SENSORS

A Teledyne Technologies Company

1. Growth and processing of the

2. Design and fabrication of the

3. Hybridization of the detector layer

Large, high performance IR arrays

Three Key Technologies

HgCdTe detector layer

CMOS readout integrated circuit
(ROIC)

to the CMOS ROIC

bb



Hybrid Imager Architecture

[llumination

Detector array

Indium ol
interconnects Silicon
read-out array

Multiplexed
output

Mature interconnect technique:

* Over 16,000,000 indium
bumps per Sensor Chip
Assembly (SCA)
demonstrated

* >99.9% interconnect yield
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Light
detecting material

Junction Jjunction Jjunction
Indium | Indium | Indium |
bump | bump | | bump |

g Uy

Bus to read out amplifier signal

This amplifier contains one or more MOSFETs
MOSFET = metal oxide semiconductor field effect transistor

H4RG-10
4096x4096 pixels
10 micron pixel pitch
HyViSI silicon PIN

Photo courtersy of
Raytheon Vision Systems

Human
hair

10 ym
—_—

Teledyne Imaging Sensors




6 steps of optical / IR photon detection

bt CMOS

. Charge-to-
Source follower,
Voltage CTIA, DI

Conversion
v

. Signal Random access
Transfer or full frame read
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MOSFET Principles

MOSFET = metal oxide semiconductor field effect transistor

»
>

Turn on the MOSFET and
current flows from source to
drain

lTl :
ilrnl ’ Add charge to gate & the

i current flow changes since the
effect of the field of the charge
Top view will reduce the current

Side view
Oxide
Sourcel—=5rrr+| Drain Semiconductor
current

Fluctuations in current flow produce “readout noise”
Fluctuations in reset level on gate produces “reset noise”
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IR multiplexer pixel architecture

Vdd
amp drain voltage

i

Photovoltaic
Detector ¥

Detector
Substrate
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IR multiplexer pixel architecture

Vreset “Clock” (green)
reset voltage

_|

Vdd
amp drain voltage “Bias voltage” (pur'ple)

i

Photovoltaic
Detector ¥

Detector
Substrate
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IR multiplexer pixel architecture

Vdd
amp drain voltage

Enable

Vreset “Clock” (green)
reset voltage

_|

"Bias voltage" (purple)

Photovoltaic
Detector ¥

Detector
Substrate
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reset switch I

I
j—{ﬁAOSFET

enable switch \

Source follower
per Detector (SFD)

—Integration on detector node
—Low power & compact

(3 FETs / pixel)
—Ideal for small pixels and low flux
—Poor performance for high flux

Beletic & Loose — March 2008 — Chile

— —AI driver
N\

CMOS Pixel Amplifier Types

% load
_/
— — \

Cfb

Capacitive Translmpedance
Amplifier (CTIA)

—Versatile circuit suitable for all
backgrounds and detectors

—High linearity
—High power, higher noise and

larger circuit than SFD for low flux

— Difficult for high flux due to the

need for a large capacitor and high

operating current

o T

FET = Cint

Direct Injection
(DI)

— Extremely small circuit

—Large integration density in pixel

—High well capacity for high flux
applications

—Ultra low power

—Poor injection efficiency for low
flux applications



Source Follower Operation

Fixed bias voltage

Gate

Input

Constant
current
source

Drain

E

=

o~

o

Source 2
Output E

=

£

=
/V o

=

l |

Characteristic Transistor Curves (NFET)

Drain current is
held constant by
current source

50 r T - . . . y .
i Vos—Vin=TV
40 | linear region 1
[ 6V
30 saturation region
20 |
0 . a A " "
0 2 4 6 8 10

Drain to source voltage [V]

If the drain current is constant, the gate-source voltage (Vgs) is constant as long as the transistor
operates in saturation:
=> If Vg moves, Vs will follow to keep Vgs constant



Capacitive Trans-Impedance Amplifier Operation

Fixed supply voltage

l |

Drain

current
source
as load

Cfb

—H—

Gate
Input ——|

Fixed bias voltage

Output

Source

Inverting amplifier:

Drain current [arbitrary unit]

50

40

30

20

Characteristic Transistor Curves (NFET)

10 |

—T T

—T T T

T v L) v L)

Vos— V=7V

linear region

6V 1

Input voltage changes | .
Vgs which causes the

L saturation region .
5V

drain current to

change I& T -
4V
3.V.4
2V
A 1 A 1 A [ a l V
2 4 6 8 10

Drain to source voltage [V]

When the input increases, the drain current increases => The output node is pulled down by the transistor
When the input decreases, the drain current decreases => The output node is pulled up by the current source

Capacitive feedback:

negative feedback that counteracts the initial input voltage change
=> charge at the input is converted to a voltage at the output, the input voltage is held constant by the feedback.



Direct Injection Operation

Characteristic Transistor Curves (NFET)

50 M T v T T T T ”
, [ Viog—Vy=7V
Source Drain Output [ Gs~Vin=’
Input _ [
= 40 linear region -
ZS - S [ 6V
Gate T € %“ [
5 30T saturation region
— — 5| 5V
Fixed bias voltage  — = Z
2 20t -
. Gt ' 4V
Decrease of input voltage (source) g
increases Vgs which increases the A 10} 3V
drain current. [ e 2V
Usually operates in subthreshold S 1V
region (small currents) 0 2 4 6 8 10

Drain to source voltage [V]

» DI transistor does not work as amplifier, works more like a passgate

* Whenever the detector diode generates photo charges, its voltage decreases (due to built-in capacitance)
* This will increase Vgs which in turn will allow an increased drain current through the transistor

* This current moves the collected charges from the photodiode into the integration capacitor C

* Removing charges from the detector increases its voltage again, causing the drain current to decrease



General Architecture of CMOS-Based Image Sensors

Bias
Generation
& DACs
(optional)

Control
&
Timing
Logic
(optional) — T e T A/D conversion

(optional)

Horizontal Scanner Analog
/ Column Buffers Amplification
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Special Scanning Technigues Supported by CMOS

« Different scanning methods are available to reduce the number of
pixels being read:
— Allows for higher frame rate or lower pixel rate (reduction in noise)
— Can reduce power consumption due to reduced data

Windowing Subsampling Random Read

» Reading of one or + Skipping of certain « Random access
multiple rectangular pixels/rows when (read or reset) of
subwindows reading the array certain pixels

bl v L2 bty R ormtod prc
higher frame rates higher frame rates P
(e.g. AO, guiding) on full-field images Fast reads of

selected pixels
H BN En
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Astronomy Application: Guiding

« Special windowing can be used to
perform full-field science integration in
parallel with fast window reads.

— Simultaneous guide operation and science
data capture within the same detector.

« Two methods possible:

— Interleaved reading of full-field and window
* No scanning restrictions or crosstalk issues
« Overhead reduces full-field frame rate
— Parallel reading of full-field and window
Requires additional output channel
Parallel read may cause crosstalk or conflict

No overhead = maintains maximum full-field
HEMEREUE

EEEE EEEE EEEE
Full field row Window Full field row

Full field row Full field row Full field row
HEEEE EEEE EEEE EEEE HEEEE EEEE BEEEE EEEE EEEE EEE
Window Window
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Electronic Shutter: Snapshot vs. Rolling Shutter

« Snapshot Shutter * Rolling Shutter (Ripple Read)
— All rows are integrating at the same time. — Each row starts and stops integrating

— Typically more transistors per pixel and at a different time (progressively).
higher noise. — Typically less transistors per pixel and
lower noise.

Row 1 integration time Row 1 J integration time I_ integr

Row 2 integration time integration time inte

Row 3 integration time integration time int

Row 4 integration time integration time i

Row 5_ integration time —I _I integration time _I |_

//

Read pixels of Aead pixels of
stop selected row start stop selected row

start mtegratlng/‘ integrating  integrating

Integrating start 2" integration if

pixel supports
“integrate while read”
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CMOS-Based Detector Systems

* Three possible CMOS Detector Electronics Configurations

Single Chip Discrete Electronics Dual Chip

— All electronics integrated Assembly of discrete All electronics integrated
in sensor chip chips and boards

high In a single companion chip
— Small, low system power LElgE, ICIEn [pores Small, low system power

. Reusable, modular, only
— Not always desirable

: , PCB design required Can be placed next. to
(high design effort, glow) detector => low noise

Detector Array

Detector Array

Detector Array

Requires ext.
Includes

: ADC, bias Requires ext.
ADC, bias & and/or clock ADC, bias
ger?:aorgr'on generation and/or clock
i

Analogl BiasI Clocks‘[ generation
output .

ADC ‘ DAC QS%'S?\ B'aSI /Clocks
Digital data Logic U
Memory ‘

il l Digital data l Digital data
Acquisition System Acquisition System Acquisition System
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Monolithic CMOS

* A monolithic CMOS image sensor combines the photodiode and the
readout circuitry in one piece of silicon
— Photodiode and transistors share the area => less than 100% fill factor

— Small pixels and large arrays can be produced at low cost => consumer
applications (digital cameras, cell phones, etc.)
3T Pixel

Reset —|

N
\ PD

Select
Read Bus

4T Pixel

Reset —I

, TG SF
Pinned PD .

T
Select

Read Bus
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Complete Imaging Systems-on-a-Chip

« Monolithic CMOS technology has enabled highly integrated,

complete imaging systems-on-a-chip:

— Single chip cameras for video and digital still photography
— Performance has significantly improved over last decade and is

better or comparable to CCDs for many applications.

— Especially suited for high frame rate sensors (> Gigapixel/s) or
other special features (windowing, high dynamic range, etc.)

 However, monolithic CMOS is still [imited with respect to

guantum efficiency:

— Photodiode is relatively shallow
=>|ow red response

Metal and dielectric layers on
top of the diode absorb or
reflect light

=> |ow overall QE

Backside illumination possible,
but requires modification of
CMOS process

* Microlenses increase fill factor:

2 Mpixel HDTV CMOS Sensor

Si PIN
“. NIR AR coating

N Si PIN
%+ UV AR coating

3T pixel

w/ microlenses

™~ photodiode
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CMOS SCA Sampling Techniques

Reset begins integration

« Periodic sampling of detector signal possible during a long integration

« Two general methods of white noise reduction by multiple sampling
— Fowler sampling: average 15t N samples and last N samples; then subtract
— Sample up the ramp (SUTR): fit line (or polynomial) to all samples
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Example of Noise vs Number of Fowler Samples

Non-destructive readout enables reduction of noise from multiple samples

13.1 e- single CDS H2RG array
2.5 micron cutoff
Temperature = 77K

=
o
l

3.5 e-
Fowler-32

oA
2
@
2
o
c
e
=
o
=i
@
Q
o

<+—— Measured

***<—— Simple Theory (no 1/f noise)

Number of Fowler Pairs
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6 steps of optical / IR photon detection

CCD L
Charge coupled 4. Charge

nansicl Transfer
v

5. Charge-to-
Voltage
Conversion

MOSFET
Amplifier
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CCD Architecture

Hl Hz H3
UPPER HORIZOMTAL RESISTER | | |

_ LIPPER
— & I [ VIBED

vl — LIppER

LIpPER
we AMPLIFIER.

YERTICALS
W3 —

L 0 ER
WERTICALS

EXTEMBDED
PIXELS

."_A_".

L OnavER.
—]|

YIDECD

L CER. LOWER HORIZOMNTAL REGISTER

AmPLIFIER
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Basic CCD Structure

View along charge-transfer direction View across CCD channel

Viow Vhigh Viow Viow Vhigh Viow
Gate insulator
(Si0,/SisN,)

Buried channel
(n-type) —

p+ channel stop

Substrate _|
(p-type)

Back-surface
p-layer (p*)

5 pm

1
2

w11 I
s2
S

a. Full-frame imager

Beletic and Loose — Scientific Imaging Sensors — Oct 2009



Basic CCD Manufacturing Process

Polysilicon

Einal product (top view)

-I-_-H_?_m!i 1
" 1__-‘g""""""i

Silicon substrate

ERDTT agrK

-a_-_u_ - RS

[ 3 l“t_i_ J
- e——— jnnm—

r 1 3 .00V Imm
CCID4ZHW1-6HZ3 05/16/703
03051613 .TIF

SEM cross section
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CCD Timing

1

!llll]tﬂulﬁlﬁtl R

]
L PIXEL PERIOD

SEMICONDUCTOR
AR

|

Movement
of charge
IS “coupled”

Charge
Coupled
Device
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CCD - 3 Phase Serial Register

wehegtin PHASE 32
FHASE 2
PHASE 1

THREE PHASE
IMAGE RRRAY

NNE LU

™~

RN

H
'\-.'\ -

AR

CONVEMTION SRR e PUPPRPE
JAL REGISTER
5E_§'.E'.Hﬂ_§€ . TSR

-

) BowA
VERTICAL /F-‘IRFELLF.L.
—_—
“AcRosS”
HoRi1ZeaTAL / SERIAL

Beletic and Loose — Scientific Imaging Sensors — Oct 2009



1 00T

Beletic and Loose — Scientific Imaging Sensors — Oct 2009




100 D29

Beletic and Loose — Scientific Imaging Sensors — Oct 2009




1 00T

Beletic and Loose — Scientific Imaging Sensors — Oct 2009




40kK'M

Beletic and Loose — Scientific Imaging Sensors — Oct 2009




FET — |
L]
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Maote that the designer
“signs” his/her name on
the silicon: "J. Janesick”

& 0, Bredthauer®




CCD Rain bucket analogy
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CCD Charge transfer
The good, the bad & the ugly

H1 H2 H3
WUPPER HORIZOMTAL REGISTER
r~._UPPER
L vineo
... YERTICAL REGISTERS UPPER
AMPLIFIER

LOWER
AMPLIFIER
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CCD Charge transfer
The good, the bad & the ugly

“‘Bad & ugly” aspects of charge transfer
Takes time (limited max frame rate)
Can blur image if no shutter used
Can lose / blur charge during move (may limit astrometry accuracy)
Can bleed charge from saturated pixel up/down column
Can have a blocked column

Can have a hot pixel that releases charge into all passing pixels
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CCD Charge transfer
The good, the bad & the ugly

“Good” aspects of charge transfer
Can bin charge “on-chip” — noiseless process

Can charge shift for tip/tilt correction or to eliminate systematic errors
» ‘“va-et-vient’, “nod-and-shuffle”

Can build special purpose designs that integrate different areas (curvature
wavefront sensing, Shack-Hartmann laser guide star wavefront sensing)

Can do drift scanning
No indium bump issues that can cause inoperable pixels
Have space to build a great low noise amplifier !

*_ UPPER
= WIDECH

UPPER
AMPLIFIER
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Frontside & Backside illuminated CCD

UV light Visible IR UV light Visible IR
< 400nm 400-700nm > 700nm <400nm 400-700nm > 700nm

;

Frontside electrodes
Backside surface

Depleted silicon -
Depleted silicon

Undepleted silicon Frontside electrodes L= S L= L =L

Frontside Backside

Backside illuminated CCDs have high spectral response...if processed correctly.

Thin to 10-20 microns, and backsurface treatment to ensure that photons
absorbed near the back surface are collected. Surface treatments include:

* lon implantation followed by laser annealing
 lon implantation followed by furnace annealing
« Chemisorption charging

* Molecular beam epitaxy (MBE) / delta doping
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Optical Absorption Depth in Silicon
(a.k.a. “The Beautiful Plot”)

hickness of LBNL P-channel CCD
it ko o e ) o . s s s R e e o oo e ot ke ot e, ot o, s e, e e, o e )
S ST = N

e 200-300 um

Thickness of high resistivity CCD

=3 40-50 um

Thlckness af s‘rundur'd CCD

il Thlckness a‘F palymlrcan r.:lnck lines on frontside of CCD
‘:: “*‘z':f%.. e ‘?\;. ﬁ\ “ﬁ':f*ii-..ﬁ*;;*ﬁ;\hk S “*%\.\ 1[] 25-0.5 um

SRR "un. '\ '-....'.'".n... ..."\.u. R e e A '\..n....'-

0.1

. |15-100 nm

-
E
-
L
r=
a
o
3
=
2
13
Q
L%
o
<

0.01

0.001 | Thlckness of MBE Ic:nyer'

300 400 500 600 700 800 900 1000 1100
Wavelength [nm]
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6 steps of optical / IR photon detection

6. Digitization
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Analog-to-digital converters

ariginal and Quantized Signal

* Quantization noise of an ADC is
(1/V12) Least Significant Bit = 0.289 LSB

Typically set gain of amplifier chain so that

quantization noise is much less than

readout noise. If readout noise is 4 ] l ‘
electrons, set gain so that LSB equals ~2

electrons

16 bit ADC is most commonly used in Highly exaggerated quantization noise
astronomy. At ~2 electrons per ADU

(analog to digital unit), or LSB, full well of a

16 bit ADC will be ~130,000 electrons;

good match to the typical full well of a CCD

or Short-Wave IR detector of 100,000

electrons.
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Differential Non-Linearity (DNL)

» DNL describes the distance of an ADC code from its adjacent code.

It is measured as a change in input voltage magnitude, and then
converted to number of Least Significant Bits (LSBs).

DIGITAL
CODE __

]

110 _
01 i DIGITAL DIGITAL

T pE : DE -
- co ' co

o T 1 -t . 11 =+ ===
! : DHL ERROR . DHL ERROR
oo +1 L5B 10 - =-0.5 LS8 10 =-1 LB

o 01 - i =
0
bR
ANALOG IMPUT (V) ANALOG INPUT (V)

Code 100 is increased Code 10 is reduced Code 10 is missing
DNL = +1 DNL =-0.5 DNL = -1
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Integral Non-Linearity (INL)

* INL describes the deviation of the ADC transfer function from a straight line
It can be computed as the integral of the DNL, and is expressed in LSB

Crigital Output Code

MmN

Q000111
00001 10
OO0 1
000100
Q0000011
COO0a010
DO000001
0000000

A

Y

INL Error _
Actual ADC Transfer (Best-Straight-Line INL)
Function Before Offset i
A Gain Comaction

"'A. Aptusl ADC Tranafer Curve
After Offeat and Gain
Comaction

Y

IML Erroi
[Ervdd Point IML)

A

Basat Siraighi
Line Fit

w ldeal Tranafer
Sume

Il.";-\.
T '-\_-'FF EEI
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DNL and INL Plots of a 12-bit ADC
(from SIDECAR ASIC, at 7.5 MHz rate)

1
0.8
0.6
0.4 1l
0.2 M
0

, , , , , , , , -0.2 A
0 500 1000 1500 2000 2500 3000 3500 4000 -0.4 1
Output Code 06

INL[LSB]

-0.8

. . . . 'l 1 1 1 1 1 1 1 1
- Differential Non-Linearity: <+ 0.3 LSB 0 500 1000 1500 2000 2500 3000 3500 4000

* Integral Non-Linearity: <+ 0.7 LSB Output Code
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DNL and INL Plots of a 16-bit ADC
(from SIDECAR ASIC, at 125 kHz rate)
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Output Code
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Sample ADC Architectures

Successive Approximation Register (SAR)

CONVERT
START

TIMING

l

ANALOG
INBUT COMPARATOR !
i
|  CONTROL

LOGIC:
SUCCESSIVE-
APPROXIMATION
HEGISTER
(SAH)

o

ouUTPUT
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Sample ADC Architectures
Pipeline ADC

transfer function
for each stage

=
AL

.| sample/hold
L

n bits out

ANALOG PIPELINE

STAGEOQ [—» STAGE1 ppees —p| STAGE N-1—Pp| STAGEN

l? output bits
er stage

.lLATCH :

Cleared for Public Release (OSR Case 08-S-0319), but Unpublished. ITAR Restricted — 22 CFR 125.4(b)(13) Applicable
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ADC Development Optimized for Applications

» Depending on resolution, sample rate and power consumption requirement, different
architectures for ADCs are used.

Pipeline ADCs used for video rate applications.

Successive Approximation Register (SAR) ADCs are used for medium speed, higher

resolution applications.
Sigma-Delta ADCs are used for slow speed, very high resolution applications.

S
>

.

Par Alla el p

R\ N
\_ Recyclic| ’pe//ne \
. Pipeline

—~
2
=
o)
=
c
o
-
=
o
0
Q
e
o
~
<

L G
aj
1‘1\‘\\ - ng p/ Q S h

~_

-

10° 106 107 108
Sample Rate (Samples per Second)

. . e . Cleared for Public Release (OSR Case 08-S-0319), but Unpublished. ITAR Restricted
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The SIDECAR ASIC
Complete Electronics on a Chip

Replace this

ol with this!
UE BT AT

|] .;! 4_1'_;..1!_""!!!-1.
JER el NaE 1% volume
S A

he !‘_.-,.:WT&J 1% power
| g oee g & |E-
wa W T |3 less hassle

—————

SIDECAR: “ystem for 'mage | igitization, - nhancement, __ontrol /.nd ' etrieval

, . _ Teledyne Imaging Sensors
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SIDECAR ASIC Functionality

SIDECAR
Digital

Digital Control _
Generic 110 ¢jocks

Microcontroller for
Clock Generation

and Signal Processing Bias

Generator bias
voltages

External
Electronics

Amplification
and A/D

Conversion | analog
mux out

O
o
o
<
=
<
I
>
b
<
x
K
=
=
=

Data Memory

, . _ Teledyne Imaging Sensors
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SIDECAR ASIC Floorplan

Analog input and decoupling Pads
_ 16 _Pr_ea_mp_llfl_erg _ Analog bias outputs
(voltage (& current DACs)

Sped ‘Jjal g Jamod

36 ADC channels, 16 bit/100 kHz (up to 500 kHz)
Program

Memory
256 kbit/16 kword

SEU hard +
errror correction

| 32 digital
‘ 1/O-channels:
s e pNIERZ Ut 10V ) Microcontroller

‘ & control logic

|

|

-
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©
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=
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@
o
o]
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o
=

@
-
fab]
o
w

 Aiddng 1emod / sped O/l [enbiq

36 array processor blocks for co—adding/sorting/multiplying

- Data Memory
Dual:Port Data Memory : P 128 kbit/8 kword

864Kbits (@B kwords, 24 bitsord). | | oedbee

|| digitat || FIFO

TestPads

Digital Pads / LVDS interface / Power Supply
—
22 mm

, . _ Teledyne Imaging Sensors
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SIDECAR ASIC Flight Package for JWST

SIDECAR
Ceramic board with ASIC die and

decoupling caps
Invar box with top and bottom lid
Two 37-pin MDM connectors

— FPE-to-ASIC connection

— ASIC-to-SCA connection
Qualified to NASA Technology
Readiness Level 6 (TRL-6)

11 mW power when reading out of
four ports in parallel, with 16 bit
digitization at 100 kHz per port. FPE side

_ . _ Teledyne Imaging Sensors
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SIDECAR ASIC L
. - . AR
Package for board level mounting; :
— 337-pin LGA ceramic carrier L IR
Currently used for all ground-baseu s
applications e nﬁ )
Existing LGA package:cal; i’o'ﬁ}gy ,f X

hermetically sealed: noik
attach the seal.ring®

B

#
¥

i__,a" i

”

Modified veré n iS'~: ( -’—‘rating Or) t'n : : TELEDYNE SIDECAR

o PN IMAGING SENSORS ASIC
Space {[EIESCOPER T | -
— Usest‘cavity-up” insieagiGlEcavi
e P'ro'\,/i’('j*;é§*‘1apge seal ringioerhermetic seal
— Pinoutiis exactly r'.ror'-o comparedo
original GAEé_\cI Tary?
— UsedibyAiubbletSpacerielescope Advanced
Camera forsStiveys (ACS) Repair (image in
backgroundhsiirom first light press release)

g7
k2

s Teledyne Imaging Sensors




World's Largest Monolithic CCDs

e2v
8.4 million pixels
2048%4096, 15 ym
18.9 cm2

e2v STA
16.8 million pixels 111.5 million pixels
4096x4096, 15 pm 10,240%x10,240, 9 pm
37.7 cm2 90.3 cm2

Dalsa
48 million pixels
6000x8000, 6 um
17.3 cm?

Philips
66.1 million pixels
7168%9216, 12 ym
95.1 cm2

445 Mpixel mosaic
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CCD Mosaics

Pan-STARRS 1
1,397 million pixels

10 micron pixels

El Pefidon
Future site of the LSST

15 micron pixels

3,171 million pixels

OmegaCam on the VST - 268 million pixels
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Growth of CCD mosaics

CFHT MegaCam
378 Megapixels SNAP (space)
Pan-STARRS

SLACVXD3 GAIA (space)

LSST FPA model
3.2 Gigapixels

S

v
)
X
o
Y
!
| —
()
o)
S
>
Z

N
lots of 8K mosaics! |
| |

PanSTARRS
1.2 Gigapixels

—_ e
L |

1E+06
1990 1992 1994 1996 1998 2000 2002 2004 2006 2008 2010 2012 2014

Year

lllustration of large focal plane sizes, from Luppino ‘Moore’s’ law

Focal plane size doubles every 2.5 years
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Infrared Mosaics

HgCdTe 2K x 2K, 18 um pixels

HgCdTe 4K x 4K mosaic, 18 pm pixels

Teledyne Imaging Sensors
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Another 4096 x 4096 pixel*IR mosaic comes on-line

July 2007 - First light of HAWK-I (High Acuity, Wide field K-band Imaging)

European Southern Observatory 4096x4096 pixel mosaic of H2RGs
6th opera’sional 4Kx4K mosaic of H2 / H2RGs: ESO, Gemini, CFHT, UH, UKIRT, SOAR
Two more 4Kx4K mosaics to be commissioned in 2010: OCIw, MPIA

Serpens Star Forming Region HAWK-| at Paranal
1 million year old stars e um )




VISTA Telescope (ESO)

HgCdTe 2K x 2K,
Raytheon Vision Systems 20 um pixels




Synoptic All-Sky InfraRed (SASIR) Telescope

LSl I TR
. - _.-San Pedro Martir

A . Observatory
A i . R -

=

TP SR AE T

6.5-meter primary SREP Cas1ing 9‘38‘ pletedi]

Four color camera &lﬁstz 08 . —
- Y, J,HK

31 2Kx2K IR arrays for

each channel s

520 million IR pixels

":";%" v

< JUNAM
=g
&

N "f Universidad Nacional Autonoma de México

Instituto Nacional
de Astrofisica,
Optica y Electrénica
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Large IR Astronomy Focal Plane Development
The Next Step: 4096x4096 pixels

§ Photons in

H4RG-15 SCA

Bits out

q

* 4096x4096, 15 um array
» Design readout circuit for high yield
* 4 ROICs per 8-inch wafer
« 4-side buttable for large mosaics
« Developed for the Extremely Large Telescopes
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Conventional vs. Orthogonal-Transfer CCDs
ChannelstupS’—"’C\ 1‘

Tk

%) [ Clocked gate

[ Gate biased low
(blocking)

Conventional three-
phase CCD

MIT Lincoln Laboratory
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Pan-STARRS 1 on Haleakala (Maul)
1.4 Gigapixel array of orthogonal transfer CCDs
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Improved resolution from OTCCD Tip-Tilt Correction




Pan-STARRS4 on Mauna Kea

88-inch




Avalanche Process before Charge-to-Voltag

Anti-reflection coating 1
Substrate removal

. Light into detector

A 4

Detector Materials
Si, HgCdTe, InSb, Si:As

2. Charge Generation

Electric Fields in detector
collect electrical charge

3. Charge Collection FREHEA

)’

5. Charge-to-
Voltage
Con

ﬁ - 4 Charge-to-
Voltage
Conversion

Transfer

A\ 4

6. Digitizatio
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Potential for
noiseless
photon counting




Geiger APD Sensor architecture

» Four main parts %‘V
1) Photon detection g (;:Tz:z:
2) Avalanche amplification (pulse generation)
3) Pulse discrimination % (2) Avalanche
4) Photon counting and readout circuitry Charge Pise il

Trigger (3) Pulse
Discrimination

e CMOS circuit used for (3) and (4)
 For (1) and (2) - two options:

a) Part of CMOS circuit Reset I counter | (4) Pulse counting
RZ?C'E'T [ & Readout

b) Put APD into detector material and
hybridize to CMQOS circulitry



Mode of operation of an APD

Charge integration Linear* Geiger mode

< > 4¢—> < >

In Geiger mode, a quenching circuit
“~ L limits the current and prevents

Electrons per 10° “runaway” from destroying the APD

detected 105

photon ., |
(log scale) 05
102 4
10 1
' T 5
2 Bias voltage
[ Breakdown voltage I-H (linear scale)
| ~35V for silicon | Geiger mode APD bias voltage

(slightly above breakdown voltage)

*Linear mode operation of APD

In this mode, the total number of electrons collected in each pixel is a linear function of the
number of detected photons.
However, the amplification process is statistical and there is "excess noise" in linear mode.
HgCdTe may be a special material with very little excess noise (few %) for avalanching under
the appropriate conditions.
Electron avalanche HgCdTe (e-APD) with ~5 micron cutoff material (X ~ 0.33)
Hole avalanche HgCdTe (h APD) with ~1.7 micron cutoff material (X ~ 0.63)




e2v L3CCD - Serial Gain Register

Metal Buttressed
2@ 10 Mhz
[For fast Image to
store transfer rates.

8 LL3Vision Gain

Store slanted

to allow multiple Registers/Outputs.

Each 15Mpix./s.

outputs.

OP4  Gain J Gain ~ OP8
Registers Registers
Image Image
Area Area
OP3 Store SAt()re oP7
Area _ ‘ rea
OP2  Gain Gain ~ OP6
Registers 240x120 240x120 Registers
240um 240um
OP 1 OP5

back-illuminated e2v L3Vision CCD.

Split frame transfer 8-output




e2v L3Vision Technology

01

pdc 2

63

o1 odc  ¢2

63

Effective noise
is V2 photon noise

o1 odc ¢2 63

el 1 sl n 1l sl el slerl~1reals]1

d
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6 steps of optical / IR photon detection

Anti-reflection coating 1
Substrate removal

Light into detector

Quantum

4 Efficiency
Detector Materials :
Si, HgCdTe, InSb, Si:As 2. Charge Generation

)’

3. Charge Collection E&&&a | Point Spread Function

Photodiode

Electric Fields in detector
collect electrical charge

Sensitvity

4. Charge-to-
Voltage
Conversion

. Charge-to- |
Voltage | 5. Signal
Conversion | Transfer

6. Digitizatio
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CCD / CMOS Comparison

CCD Approach CMOS Approach

Photodiode Photodiode Amplifier

\ §Z$+4>

Charge generation,
charge integration &
charge-to-voltage conversion

Charge generation &
charge integration

—>/— Multiplexing of

pixel voltages:

Array Readout dede >/— Successively

Charge transfer connect amplifiers
from pixel to pixel >/_ to common bus

“ N Various options possible:

T
T |~ - no further circuitry (analog out)

- add. amplifiers (analog output)
- A/D conversion (digital output)

Sensor Output
Output amplifier performs

charge-to-voltage conversion

CMOS = Complimentary Metal Oxide Semiconductor
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Comparison CMOS vs. CCD for Astronomy

Property

CCD

Hybrid CMOS

Resolution

> 4K x 4K

up to 4K x 4K

Pixel pitch

10 — 20 pm

10—-40 um (up to 100 um if required)

Typical wavelength
coverage

400 — 1050 nm

400 — 1050 nm with Si PIN
400 — 18,000 nm with HgCdTe
400 — 5,000 nm with InSb

Noise

Few electrons

Few electrons with multiple sampling

Shutter

Mechanical

Electronic, rolling shutter, snapshot

Power Consumption

High

Typ. 10x lower than CCD

Radiation

Sensitive

Much less susceptible to radiation

Control Electronics

High voltage clocks,
at least 2 chips needed

Low voltage only
Can be integrated into single chip

Special Modes

Orthogonal Transfer
Binning

Windowing, Guide Mode,
Random Access, Reference Pixels,
Large dynamic range (up the ramp)

« Silicon PIN hybrid detectors have become a serious alternative to CCDs
providing a number of advantages, especially for space applications.

« Backside illuminated monolithic CMOS which combines the best of CMOS
and CCD features will make major strides before the next detector workshop.




Thank you for your attention




