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Teledyne —

NASA’s Partner in Astronomy
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JWST - James Webb Space Telescope
15 Teledyne 2Kx2K infrared arrays on board (~63 million pixels)

International collaboration

6.5m mirror

6.5 meter primary mirror and tennis court size sunshield
2013 launch on Ariane 5 rocket
L2 orbit (1.5 million miles from Earth)

JWST will find the “first light”
objects after the Big Bang, and
will study how galaxies, stars
and planetary systems form

NIRCam
(Near Infrared Camera)

NIRSpec

(Near Infrared Spectrograph) \/!

4 I \

»

X“ 4 NS P ’ ‘\\v“ P / Two 2x2 mosaics ———
of SWIR 2Kx2K Two individual
3 individual MWIR 2Kx2K 1x2 mosaic of MWIR 2Kx2K MWIR 2Kx2K
« Acquisition and guiding » Spectrograph * Wide field imager
* Images guide stars for telescope * Measures chemical composition, <+ Studies morphology of objects
stabilization temperature and velocity and structure of the universe
« Canadian Space Agency » European Space Agency / NASA + U. Arizona/Lockheed Martin
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Wide Field Camera 3
Hubble Space Telescope

* High quality, substrate-removed 1.7 ym HgCdTe
arrays delivered to Goddard Space Flight Center
* Will be installed in Hubble Space Telescope in 2009

* Nearly 30x increase in HST discovery efficiency y
!
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Quantum Efficiency = 85-90%

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

Wavelength (nm) Dark current (145K)
Readout noise
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CRISM

Compact Reconnaissance Imaging Spectrometer for Mars

Detector
_| Sensor Chip
Assembly
ROIC
\ 4
Motherboard / pedestal
Teledyne provided both visible Subassembly
and mid-wave infrared !
detectors to CRISM instrument. Detector / filter | Filters |«
Assembly Visible filter
Flex cable
\ 4

CRISM sensor
subassembly
with cold shield and cable

Visible FPA sensor

subassembly Infrared FPA sensor

subassembly
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NASA's and NOAA's Partner for Earth Observation

CHANDRAYAAN-1

NPOESS
CrlIS

Moon Mineralogy Mapper
(Vis-IR)

i

LEISA
Atmospheric
Corrector

Orbiting Carbon (IR arrays)

Tropospheric Emission Spectrometer O(t\)/sigré\g/‘al’g))ry

IR FT Spectrometer

Visible to 16.5 microns
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Moon Mineralogy Mapper - Visible / Near Infrared Imaging Spectrometer
launched Wednesday, October 22, 2008

b
BV e £t
2 year mission will map the entire lunar surface

Sensor Chip Assembly

Focal Plane Assembly

Teledyne Infrared FPA

» 640 x 480 pixels (27 pm pitch)

» Substrate-removed HgCdTe (0.4 to 3.0 pm)
« 650,000 e- full well, <100 e- noise

- 100 Hz frame rate (integrate while read)

+ <70 mW power dissipation L j :
« Package includes order sorting filter a . bt 261 Band
+ Total FPA mass: 58 grams : i

Instrument at JPL before
shipment to India

g 70 m/pixel @ 100 Kim ——

Moon Mineralogy Mapper resolves visible and infrared
to 10 nm spectral resolution, 70 m spatial resolution

Completion of Chandrayaan-1 spacecraft integration
Moon Mineralogy Mapper is white square at end of arrow

Journey Earth to Moon
100 km altitude lunar orbit

Chandrayaan-1 in the Launch from Satish

"‘\‘ TELEDYNE Polar Satellite Launch Vehicle Dhawan Space Centre
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* The Orbiting Carbon Observatory (OCO) is a NASA

mission that will provide:

* precise, time-dependent global measurements of
atmospheric carbon dioxide (CO,) from an Earth

* The OCO is planned to launch in January 2009 with a

orbiting satellite.

the Earth’s climate.

« distribution of CO, over the entire globe, enable more
reliable forecasts of future changes and their effect on

planned operational life of 2 years.
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Teledyne Focal Plane Arrays

» Three flight FPAs (and flight spares):
* O,A band at 0.758-0.772 um
» weak CO, band at 1.594 -1.619 um
+ strong CO; band at 2.042-2.082 pm

« Hawaii-1RG readout is used for both HyViSI and SWIR
FPAs with same mechanical and nearly same electrical
interface for all three OCO spectrometers.




Leading Supplier of IR Arrays To Ground-based Astronomy

* H2RG (2048x2048 pixels) is the leading IR FPA in ground-based IR astronomy

* 4096x4096 pixel mosaic commissioned at European Southern Observatory in
July 2007

— 6™ mosaic at major telescope, two more mosaics to be commissioned in 2009

' PPLN enables mirroriess OPO ....

LaserFocusWWorld

N Ny
WY Y LAkl www

INTERNATIONAL RESOURCE FOR TECHNOLOGY AND APPLICATIONS IN THE GLOBAL PHOTONICS INDUSTRY

Advanced IR arrays
give stellar views...

- Nonpolar GaM lasers:
The next new blue ras=

» Dptical fibers go nano s
b DFG lasers hit sensing 'sweel spotl’ ras
» Manufacturers’ Product Showease i

ESO Very Large Telescope (VLT) Facility - Chile ESO VLT 8.2-m telescope
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Energy of a photon

Wavelength (um) Energy (eV)
0.3 4.13
0.5 2.48
0.7 1.77
1.0 1.24

2.5 0.50
5.0 0.25
10.0 0.12
20.0 0.06

« Energy of photons is measured in electron-volts (eV)
« ¢V = energy that an electron gets when it “falls” through a 1 volt field.




An electron-volt (eV) is extremely small

1eV = 1.6+10"9J (J =joule)
1J = Nem = Kkgemesec?*m
1 kg raised 1 meter = 9.8J = 6.1+ 10" eV

* The energy of a photon is VERY small
— The energy of a SWIR (2.5 um) photon is 0.5 eV

* Drop a peanut M&M® candy from a height of 5 cm
— Energy is equalto 6 x 102 eV (a peanut M&M® is ~2 g)

— This is equal to 1.2 x 10'® SWIR photons

* 1 million x 1 million x 12,000
« The number of photons that will be detected in ~1 million images from the
James Webb Space Telescope (JWST)

* A 2-inch peanut M&M® drop is about same energy that will be detected
during the 5 years operation of the James Webb Space Telescope'!

E=hv
h = Planck constant (6.6310-3* Joule*sec)
v = frequency of light (cycles/sec) = A/c
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Hybrid CMOS Infrared Imaging Sensors

Illumination

Detector array

Indium o
interconnects Silicon

read-out array

Multiplexed
output
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Large, high performance IR arrays

Three Key Technologies

1. Growth and processing of the

HgCdTe detector layer

2. Design and fabrication of the

CMOS readout integrated circuit
(ROIC)

3. Hybridization of the detector layer

to the CMOS ROIC

13




6 Steps of CMOS-based Optical / IR Photon Detection

. . . \
Anti-reflection coating 1. Light into detector
Hlumination Substrate removal
. Quantum
i Efficiency
Detector array Detector Materials 2. Charge Generation
: HgCdTe, Si )
Indium =
interconnects I” Silicon
read-out array
e Electric Fields in detector 4 Point
YBRID SENSOR collect electrical charge 3. Charge Spread
CHIP ASSEMBLY (SCA) p-n junction Function

>
=
>
=
)
c
O
1))

4. Charge-to-Voltage

Source follower Conversion

Random access

or full frame read 5. Signal Transfer

SIDECAR ASIC

SIDECAR ASIC 6. Digitization

IMAGING SENSORS
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Crystals are excellent detectors of light

Structure of An Atom
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
Silicon crystal lattice depends on the material.




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




Periodic Table

AV

V

14
Si
Silicon
221

21
Ga
Gallium

v

33

Arzenic

£
Cd
Cadmium
112 .4

42

In

hdium

&1

Sb

Fotimo ny
1212

‘ g2
Te
Tellurium
127 5

HgCdTe

Detector Families

INnGaAs & InSb

- 1I-VI semiconductor
- llI-V semiconductors




Tunable Wavelength: Unique property of HgCdTe

Hg,,Cd, Te Modify ratio of Mercury and Cadmium to “tune” the bandgap energy

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

1.6 - 0.77
e ©
1.4 < . 0.88 g
1.2 A -
- 1.03 ﬂé_)
= 17 <h 124 5
e = - (.D
@ oK = L7 pum Lz (‘S'_
S 06 - 206 ~
% 4, = 2.5 pm 5
m 0.4 - L 309 °
- - —_—T77 K =
i - 1 ——4,=5.0 um
021 .- - - .300K[| | 819 2
0

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

Cadmium Fraction (x)

E,=-0.302+1.93x - 0.81x" +0.832 X’ +5.35x10 " T (1 - 2x)
qPTELEDYNE

IMAGING SENSORS G. L. Hansen, J. L. Schmidt, T. N. Casselman, J. Appl. Phys. 53(10), 1982, p. 7099
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Absorption Depth of Photons in HgCdTe

100 | : : 7
Rule of Thumb v
Thickness of HgCdTe layer //
needs to be about equal /
to the cutoff wavelength /
10 7
— II
£ A
.E.‘ //'
f /r
c R — )\co:
-E — 1.7 microns
a .
o — 2.5 microns
a
< 5 microns
— 12 microns
0.01
0 2 4 6 8 10 12 14
Wavelength [pum]
"\‘; TELEDYNE
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Molecular Beam Epitaxy (MBE) Growth of HQCdTe

RIBER 3-in MBE Systems . b

Q

: : RIBER 10-in MBE 49 System
3 inch diameter platen

allows growth on one
6x6 cm substrate

10 inch diameter
platen allows
simultaneous growth
on four 6x6 cm
substrates

More than 7500 HgCdTe
"“ TELEDYNE wafers grown to date
IMAGING SENSORS

A Teledyne Technologies Company
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HgCdTe Cutoff Wavelength

100 Atmospheric Transmission
- g L e E 0 W NIR SWIR MWIR  [—vertical |
S 4 100 7 Wis e I —Horizonta
g s i TR 2 I G | ) O Sl
3 60 ﬂ ;
o S0 | t
g 40 — \ E 40 ':“
§ 2 50% of g ZG ; :
c 20 ma):QE - = 0 i R ety H
10 ™ 0 1 2 3 TR R
0 S . : —— Wavelength (microns)
Foeom AB y kot Al
Wavelength
“Standard” Ground-based astronomy
cutoff wavelengths
Near infrared (NIR) 1.75um J,H
Short-wave infrared (SWIR) 25 pym JHK
Mid-wave infrared (MWIR) 53 um J,HK,L,M
"“;TELEDYNE
IMAGING SENSORS

| an=s10%:, |
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6 Steps of CMOS-based Optical / IR Photon Detection

. - . \
Anti-reflection coating 1. Light into detector
Humination Substrate removal
. Quantum
i Efficiency
Detector array Detector Materials 2. Charge Generation
: HgCdTe, Si )
Indium =
interconnects I” Silicon
read-out array
e Electric Fields in detector x Point
YBRID SENSOR collect electrical charge 3. Charge Spread
CHIP ASSEMBLY (SCA) p-n junction Function

>
=
>
=
)
c
O
1))

4. Charge-to-Voltage

Source follower Conversion

Random access
or full frame read

5. Signal Transfer

SIDECAR ASIC

SIDECAR ASIC 6. Digitization

"\‘ TELEDYNE
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HgCdTe hybrid FPA cross-section (substrate removed)

Incident
Photons
Anti-reflection

coating

Bulk n-type HgCdTe
implanted p-type HgCdTe
— (collect holes)

\ epoxy

indium bump
silicon multiplexer

Output )

*
Signal

MOSFET input

"\‘ TELEDYNE
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Hybrid Imager Architecture

[llumination HgCdTe light

detecting material

junction

junction junction

Indium ium
bum mp
ROIC Vad
amp drain voltage
Reset
Vrese‘r _/ p— _| _/ — _|
reset voltage
Detector array
) Col
> s
e | enable | |
Bus to read out amplifier signal

Indium —|ﬂ MOSFET = metal oxide semiconductor field effect transistor

interconnects Silicon
read-out array
AR 0
Multiplexed 4096x4096 pixe
output 0 on pixel p
O »
Example of indium bumps
Over 10,000,000 Ina
D DS PE enso D _
A a 0 A G >
aemo ated ! .
09 99, arco o ald Human Hair #
10 ym R
T .

J— el 2
L



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 on 1.7um cutoff, substrate on 1.7um cutoff, substrate off

Substrate Removal Positive Attributes

Higher QE in the near infrared

Visible light response

Eliminates cosmic ray fluorescence
Eliminates CTE mismatch with silicon ROIC

B wn e

""i‘ TELEDYNE
IMAGING SENSORS
A Teledyne Technologies Company |mageS Courtesy of Roger Smith 25



Quantum Efficiency of substrate-removed HgCdTe

Quantum Efficiency of 1.7 micron HgCdTe at 145K

Quantum Efficiency of 2.3 micron HgCdTe

w 100
90 90 ’/—\
80 &2 g 30 AN \‘(J/'\\_
= N Y
e % 60 [
@
[8)
& 50
& 50
5 40 40
= 30 —&— Substrate-removed
C:; Substrate on 30
20 20 \
L & 10
D T ] T T % 0
800 1000 1200 1400 1600 1800 250 750 1250 1750 2250
Wavelength (nm) Wavelength (nm)
Detector array
Indium
interconnects Silicon
read-out array
AVZ0W. TELEDYNE ;
‘\ IMAGING SENSORS MIIpCReE
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Example Anti-reflection coatings for HgCdTe

’

100%
S 90%
c  80%
e
-
o 70%
|_
o
Q  60%
I
£ 50% — Single Layer (WFC3)
*2 40% — Double Layer
5 Three Layer (NIRCAM SWIR)
a 30%
o
S 20%
e
©
= 10%

0%
400 600 800 1000 1200 1400 1600 1800 2000 2200 2400 2600
Wavelength (nm)
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Dark Current
Undesirable byproduct of light detecting materials

flv) =4rm ( m ) o exp

Colder Temp 27k T .

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)




Dark Current of MBE HgCdTe

1()8 NIC3 h //’ 7
o PR B
- / / N
Dark 105 \ / /'/ 7
Current  qp4 / // // //
Electrons 10° / / // / /.
per pixel 102 / / ,/
per sec - / / / //
18 micron 1 /// // //
square _ L/ /
pixel 101 J 7 /
102 = d
103 - ]
104

30 50 70 90 110 130 150 170 190 210 230

Temperature (K)

"\‘ TELEDYNE
A Teledyne Technologies Company



6 Steps of CMOS-based Optical / IR Photon Detection

Anti-reflection coating 1. Light into detector
ienination Substrate removal
. Quantum
it Efficiency
: HgCdTe, Si _
Indium =
interconnects I” Silicon
read-out array
liiered Electric Fields in detector \ Point
collect electrical charge  [EHRGIEYCLS Spread -
HYBRID SENSOR . - Functi =
CHIP ASSEMBLY (SCA) p-n junction unction >
‘»
@
e a N

4. Charge-to-Voltage
Source follower Conversion

Random access l

5. Signal Transfer
\_ or full frame read | /

SIDECAR ASIC l

SIDECAR ASIC

"\‘ TELEDYNE
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MOSFET Principles

MOSFET = metal oxide semiconductor field effect transistor

»
>

Turn on the MOSFET and

current flows from source to
drain
o 11 &
l'l s | )S Add charge to gate & the
wl] D e O current flow changes since the
effect of the field of the charge
Top view will reduce the current
Side view
Oxide
Sourcel=cxIrr* Drain Semiconductor
current

Fluctuations in current flow produce “readout noise”
Fluctuations in reset level on gate produces “reset noise”




IR multiplexer pixel architecture

Vdd
amp drain voltage

i

Photovoltaic
Detector ¥

Detector
Substrate




IR multiplexer pixel architecture

Vreset “Clock” (green)
reset voltage

_|

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

i

Photovoltaic
Detector ¥

Detector
Substrate




IR multiplexer pixel architecture

Vdd
amp drain voltage

Enable

Vreset “Clock” (green)
reset voltage

_|

"Bias voltage" (purple)

Photovoltaic
Detector ¥

Detector
Substrate




Reduction of noise from multiple samples

Non-destructive readout enables reduction of noise from multiple samples

15 —- H2RG array
13.1 e- single CDS

2.5 micron cutoff
Temperature = 77K

=

o
|
|

Readout noise (e-)

<+—— Measured

<+—— Simple Theory (no 1/f noise)

Number of Fowler Pairs

"\‘. TELEDYNE
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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

o O
O O
C =
c O
c O
S
NG
T
S 3
s
O
> 0
e




Pixel Amplifier Options

“n"

reset switch

AHJ—‘ I:IVIOSFET

detector

enable switch \

Source follower
(SF)

— Integration on detector node
— Low power & compact
(3 FETs / pixel)
— Ideal for small pixels & low flux
— Poor performance for high flux

— Full Well: ~100,000 electrons
— Readout Noise: <15 e-

s
~ L

Cfb

|< I driver
I N\

Capactive Transimpedance
Amplifier (CTIA)

— Versatile circuit suitable for all
backgrounds and detectors

— High linearity

— High power, higher noise and
larger circuit than SF for low flux

— Worse performance than DI for
high flux

— Full Well: ~1 to 10 million e-

— Readout Noise: <50 e-

J_\

o i e
input I

FET =Cint

Direct Injection
(o))

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

Full Well: tens of millions of e-
Readout Noise: <1000 e-

TELEDYNE
IMAGING SENSORS
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“*"n" High Performance Hybrid CMOS Arrays

High Quality MBE HgCdTe + High Performance CMOS Design + Large Area Hybridization

Quantum Efficiency of 1.7 micron HgCdTe at 145K

Typical InSb
Dark Current

8

? — -

X =&= Substrate-removed i
Substrate on \7

1000 1200 1400 1600 1800
Wavelength (nm)

lllumination

v

8 8 8 88 3 8 8

Detector array

5]
€

o
&

30 50 T0 ad 110 130 160

8

Silicon

read-out array Low Dark Current

interconnects

HEANZUQEILU ]

Multiplexed
| L output i 5 :
High Performance Amplifiers Imaging System on Chip Architecture
—EUR i )
reset switch I _| foad L ] E g "-"‘z;_{ z;_l{._ g;{& g;ﬂl&ll;—i 35_{._ b3 Bias
‘HJ_‘ oseET . —H—'_‘%—{ £S [k ke [l G:";:g""
detector Cu l:g:'t Cint = 3 ) -—-1%[‘,, 25'[:__ z‘;"{__ zF[L ; s
L ” T Control U_'!g 7] Pixetamay 7 (optional)
switch river — © = J
LU I o — I
tiv d ogic o |
Source follower Capactive Transimpe Directnjection g el __H/{ H« zs—ﬂﬁ%{"ﬁ"% iyl _
(SF) plifier (CTIA) (DN (optional) f A/D conversion N
| —e s I ] optionad | pigitas
— Integration on detector node — Versatile circuit suitable for all — Extremely small circuit
— Low power & comgact backgrounds and detectors - Large integration density in pixel l l l I l l l l Output
(3 FETs / pixel) - High linearity — High well capacity for high flux 4 o
: :;i::::«smallpin::’&h:::::: = Eﬁ«ﬂ?’éﬁfﬂféﬁ?&‘dﬁm i ;Pﬁ:?::w —_— Horizontal Scanner i
- Worse performance than DI for ~ Poor injection efficiency for low " | Column Buffers
high flux flux applications

= Full Well: ~100,000 electrons = Full Well: =1 to 10 million e- = Full Well: tens of millions of e-
- Readout Noise: <15e- ~ Readout Noise: <50 e- | - Readout Noise: <1000 e-

High Performance Readout Circuits



HAWAII-2RG 2048%2048 pixels

HAWAII-2RG (H2RG)

« 2048x%2048 pixels, 18 micron pitch

« 1,2,4, 32 ports

+ “R” = reference pixels (4 rows/cols at edge)
» “G” = guide window

* Low power: <1 mW (4 port, 100 kHz rate)

» Detector material: HgCdTe or Si

* Interfaces directly to the SIDECAR ASIC

* Qualified to NASA TRL-6
* Vibration, radiation, thermal cycling
» Radiation hard to ~100 krad

Teledyne Imaging Sensors HAWAII-ZRG™ specification table for infrared arrays
HAWAII-2RG™
Visible & Infrared Focal Plane Array
E——

The 2048=2048 pixel HAWAILZRG™ [H2ZRG) is the stale-of-the-art readout
integrated circuit for visible and infrared astronomy in ground-based and
space telescope applications.

= Luege (2048+2048 pins mermy with 18 4om pisel plch,

y

Kx4K mosaic of 4 H2RGs

T

#3334 of The Quids window and e Nl frama science |+
™

= Selectable member of oupuss (1, 4, or 32 and wear | 5
selectuble Soan Seectons. previde compiels fexibany in
ausison.
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The SIDECAR ASIC — Focal Plane Electronics on a Chip

Replace this

with this!

1% volume
1% power
1% hassle

SIDECAR: System for Image Digitization, Enhancement, Control And Retrieval

"“ TELEDYNE
IMAGING SENSORS

A Teledyne Technologies Company

40



SIDECAR ASIC - Focal Plane Electronics on a Chip

TELEDYNE SIDE
IMAGING SENSORS Si¢

SIDECAR ASIC
Ground-based package

Hubble Space Telescope
SIDECAR ASIC package
(for ACS Repair®)

"\‘ TELEDYNE
IMAGING SENSORS

A Teledyne Technologies Company

SIDECAR ASIC

36 analog input channels

36 16-bit ADCs: up to 500 kHz

36 12-bit ADCs: up to 10 MHz

20 output bias channels

32 digital I/O channels

Microcontroller (low power)

LVDS or CMOS interface

Low power:
+ <15 mW, 4 channels, 100 kHz, 16-bit ADC
+ <150 mW, 32 channels, 100 kHz, 16-bit ADC

Operating temperature: 30K to 300K

Interfaces directly to HIRG, H2RG, H4RG

Qualified to NASA TRL-6
» Vibration, radiation, thermal cycling
« Radiation hard to ~100 krad

SIDECAR ASIC development kit
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Spaceflight packaging: JWST Fine Guidance Sensor

- - : Sgatlai~ ns
. ide - i i ide - F!ep@rl from l“h
FPA - Backside - Cover Removed OFC/ FO 02008, b

* Package for H2RG 2048x2048

pixel array
« TRL-6 spaceflight qualified "=
« Interfaces directly to the s i
SIDECAR ASIC « Thermally isolated FPA

can be stabilized to 1 mK
when cold finger
fluctuates several deg K

* Robust, versatile package

"‘P TELEDYNE
IMAGING SENSORS
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SIDECAR ASIC & large mosaic focal plane arrays

H2RG 2Kx2K

H2RG 4x4 Mosaic
for Space Mission

"\‘ TELEDYNE
IMAGING SENSORS
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HyViSI™ — Hybrid Visible Silicon Imager

lllumination 100

Detector array &

—+— |I".B Coating
—— WA Cogting
—w— HBlue Coating
—=— HMIR Coating

LI }evmime %{ MIR
00 400 500 G600 TOO 3

200 3

Indium o
interconnects Silicon

read-out array

1% +

Multiplexed
output

i 00 1000 1100
Wavelemngth, nm

Focal plane array performance independently verified by:
» Rochester Institute of Technology
» European Southern Observatory
« US Naval Observatory & Goddard Space Flight Center

Readout noise, at 100 kHz pixel rate
« 7 e-single CDS, with reduction by multiple sampling
Pixel operability > 99.99%
A7) W TELEDYNE
PN IMAGING SENSORS

A Teledyne Technologies Company
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HyViSI Array Formats

"‘ TELEDYNE
IMAGING SENSORS

A Teledyne Technologies Company

Ground-based Astronomy (Rochester Institute of Technology)

Crab Nebula (M1) NGC2683 Spiral Galaxy

2K%X2K H2RG-18

4K*%4K H4RG-10

Orbiting
Carbon
Observatory

1Kx1K

H1RG-18
(same used by IR)

Launch: Jan 2009

Mars Reconnaissance
Orbiter (MRO)

TCM 6604A
640x480 pixels
27 pym pitch
CTIA

TEC Package by Judson




High Speed, Low Noise, Event Driven Readout

— In-pixel CDS (correlated double sampling)
— Readout noise: <5 e-for HgCdTe
< 4 e- for Si

Speedster128
5 * 128x128 pixels, 40 micron pitch
5 « Detector material: HgCdTe or Si
S 128 x 128 * Pixel design
f 40 um — Next generation CTIA pixel amplifier
;g pixels — Global snapshot, integrate while read
~
8
a

Digital input

— All clocking produced on-chip
Single analog output
Up to 900 Hz frame rate

| Column buffers and multiplexer |

l

Digital Analog ,
nput Outpr Rt T
l 2009: Modify design for event driven readout
Computer Interface Board Designed for IR AO and interferometry

with Analog-to-d|g|tal converter High speed, low noise, event driven HyViSl is
optimal detector for soft x-ray astronomy

"\‘ TELEDYNE
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Large IR Astronomy Focal Plane Development
The Next Step: 4096x4096 pixels

A4 ™. TELEDYNE

“%

* 4096x4096 pixels, 15 ym pitch with embedded SIDECAR ASIC

Design readout circuit for high yield (4 ROICs per 8-inch wafer)
New design process

Minimize detector cost by growing HgCdTe on silicon substrate
4-side buttable for large mosaics
Option: SIDECAR ASIC integrated into SCA package

L
&

g Photons in

SIDECAR

IRAAMDIRID ('\I'hll.';

A% TELEDYNE
SCIENTIFIC&IMAGING LLCs Company
A Teledyne Technalogies Co

47



Teledyne — Your Imaging Partner for Astronomy & Civil Space

State-of-the-art & high TRL

+ CMOS Design
* Detector Materials

. Elaclf[agipg \\ /
. S)?Sigr%r:CIESngineering \:\" _#"‘ Cr—
“ Electronics
) Soft x-ray 9 UV“ Vis 9 Infrared
104 102 04 0.7 0.9 16 pm
Substrate-removed HgCdTe
| Silicon 1.1

CMOS Design Expertise

Pixel amplifiers — lowest noise to highest flux » Analog-to-digital converters
High level of pixel functionality (LADAR, event driven) Imaging system on a chip
Large 2-D arrays, pushbroom, redundant pixel design Specialized ASICs

Hybrids made with HgCdTe, Si, or InGaAs Radiation hard

Monolithic CMOS Very low power
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