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The “quarks” connection

Silicon strip detector
fabricated on 100 mm,
high-resistivity silicon
wafers at the LBNL
MicroSystems Laboratory

Technology 1s fully-depleted,
p-1-n diode

Charged-particle detector
for high-energy physics

Preceded LBNL work on Circa 1994
fully depleted CCDs



The Invention of the CCD

 The Charge-Coupled Device was invented by Willard S. Boyle and
George E. Smith of Bell Labs on September 8t, 1969

* Result of a directive from Jack Morton, Bell Labs Electronics Technology
Vice-President, to develop a semiconductor equivalent of the magnetic
bubble memory

e The basic concepts were conceived in a discussion session between Boyle
and Smith “lasting not more than an hour” 12

e The utility of the CCD as an image sensor was immediately recognized
given Smith’s prior work on the “silicon diode array camera tube” for the
Bell Labs “PICTUREPHONE®”

[1] W.S. Boyle and G.E. Smith, “The inception of charge-coupled devices,”
IEEE Trans.Elec. Dev., 23, 661, 1976.
[2] G.E. Smith, “The invention of the CCD”, Nucl. Instrum. Meth. A, 471, 1, 2001.



Recollections of W. Boyle
Science.Canada Web Site (www.science.ca)

Bbbrrring, Bbbrrring. It's that damn videophone again. These things will never catch on, thinks
Willard Boyle as he squirms in his chair before answering, trying to find a position that is
comfortable but doesn't put his face in view of the camera. It's too early in the morning to be seen
and Boyle knows who's calling--his boss Jack Morton, head of advanced research at Bell Labs in
New Jersey, and the father of transistor electronics.

Western Electric
is crossing a telephone

with aTVs

"Boyle?"
"Hello Jack."
"So what happened yesterday?" came the familiar refrain.

Boyle shifted a little more in his chair.

"I can't see you, Bill," said Morton.
"Right here, Jack."

"So what'd you guys do yesterday?"
"You know, more of the same. We're still working on those new transistors," said Boyle.

(@ pearern et

"Look Bill, the other guys are doing great stuff with magnetic bubbles. It's terrific. What are you
semiconductor guys doing? The hell with transistors. Try and come up with something different.
I'll call tomorrow." And he hung up.

Used with permission, Barry Shell,
Science.Canada web site




Magnetic Bubble Memories 12

« Also invented at Bell Labs (A. Bobeck)

* Cylindrical magnetic domains (bubbles), i.e. stable localized
magnetic states, could be formed in Orthoferrite materials (RFeO,
where R is a rare earth element) when a magnetic field was
applied normal to the surface of the Orthoferrite

* The magnetic bubbles were on the order of 10-25 um in diameter
and could be shifted within the Orthoferrite film with the
application of a tranverse magnetic field

* A rotating tranverse field magnetized thin film “Permalloy” layers
allowing for magnetic bubble shift registers

* Formed the basis for commercial non-volatile computer memory
devices in the early 1970’s

[1] A. H. Bobeck et al, “Applications of Orthoferrites to domain-wall devices,”
IEEE Trans. on Magnetics, 5, 544, 1969.

[2] A.J. Perneski, “Propagation of cylindrical magnetic domains in Orthoferrites,”
IEEE Trans. Magnetics, 5, 554, 1969.



Magnetic Bubble Memories (cont’)

Inter PRELIMINAEY

7110
1-MEGABIT BUBBLE MEMORY

Case Op. Mon-Volatile
Device | Temp."C Storage “C

71161 | 0-75° —40 10 +90° |
71104 10-55° “20t0 <75
7110-5 | 2010 +85° | —401w0 < 100"
= 1,048,576 Bits of Usable Data Slorage = Single-Chip 20-Pin, Dual In-Line
= Mon-Volatile, Solid-State Memory Leadless Package and Sockel
. Ir:de Binary ur\garuzauon: 512-Bit Page » Small Physical Volume
= Major Track-Minor Loop Architecture = Low Power per Bit
» Redundant Loops with On-Chip Loop
Map and Index = Maximum Data Rate 100 Kbit/sec
& Block Replicate for Read; Block Swap
tor Write & Average Access Time 40 msec,

The Intel Magnetics 7110 is a very high-dengily 1-megabit, non-volatile, solid-state memory wtilizing magnetic
bubbie technology. The usable dala storage capacity is 1,048,576 bits. The defect-tolerant design incorporates
redundant storage laops. The gross capacity of Intel Megnetics bubble memory s 1,310,720 bits,

The 7110 has a true binary organization to simplify system design, interfacing, and systom software. The device
s organized as 256 data s1orage loops sach having 4096 siorage bits. When used with Intel Magnetics complete
family of support efectranics, the itant minimum syatem is configured as 126K bytes of vsabile data slorage.
The support circwils also provide avlomalic error correction and transparent handiing of redundant loops.

The 7110 has a major track-minor lop architeciure, It has separate read and write tracks. Logically, the data is
organized as a 512-bit page with & total of 2048 pages. The redundant icop information is stored ons=chip in the
boolstrap inop along with anindex address code. When power is disconnactad, tha 7110 retains the data stored
and e bubble memary system is restartad whan power is restored via the suppart electronics under software
contral.




Magnetic Bubble Memories (cont’)

DOMAINS  ——__[; m B
Az , ; ]‘3 U
|_‘3_,':| T H\- ¥ ""H--I b _:\ I IO [ X T

N I

-

+]

|
®
:{

ot L et
() He g | I ‘?_J l B I ) S Y

l i ‘] F
INFEMITE PLATELET ! pi
OF ORTHOFERRITE g B [

Fig. 1. An infinite platelet of ortholerrite containing s domain of Fig. 3. T-BAL 1‘.:1'apuga,t1?n. C}‘ilnd—]}'icﬂl _Qu1s_L>11=|a .'i.i'i',ﬁal'j.r':i}:hi_ll
diameter d lies in the z—y plane. In the vicinity of the demain to -+ magnetic poles that appear when the _u~.—p|u_.n_ﬂ e | ]:7._»..[ -
the bias field Hp is directed downwards but decreases in mag- rected along a long dimension of a T or l_mr. As the field .-.l:_,q}lt?.iruerz,
nitude along the 4 direction only., The bias field difference or rotates clockwise, -+ poles always appear immec ':EE;- tt-fl
IAH gl = (aH g/85)d arress the domain causes the domain to move the right of the domains, eausing them te propagste toward the

in the r direction. rigght.

A.J. Perneski, “Propagation of cylindrical magnetic domains in Orthoferrites,”
IEEE Trans. Magnetics, 5, 554, 1969.



The Invention of the CCD (cont’)

 Boyle and Smith developed, on the blackboard, an analog of the
magnetic bubble memory

— An analog of the magnetic bubble is charge

— Storage in localized area, i.e confinement, achieved via the depletion
region of a Metal-Oxide-Semiconductor (MOS) capacitor
* Semiconductor potential well
— Normal electric field, bubbles confined with normal magnetic field

— Shifting the signal charge accomplished with closely spaced
electrodes

 Name comes about from “coupled potential wells” using “charge”
as the information carrier (not voltage or current)

[1] W.S. Boyle and G.E. Smith, “The inception of charge-coupled devices,”
IEEE Trans.Elec. Dev., 23, 661, 1976.
[2] G.E. Smith, “The invention of the CCD”, Nucl. Instrum. Meth. A, 471, 1, 2001.



3-phase CCD diagram (lab notebook drawing Sept. 1969)
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Dashed line denotes edge of depletion region

+ denotes storage of charge

Charge confined in potential wells formed by MOS capacitors
Charge transferred via clocking of closely spaced electrodes



3-phase CCD diagram (lab notebook drawing Sept. 1969)
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The 3-phase clocking arrangement shown above i1s still used
in most modern scientific CCDs



3-phase CCD diagram (lab notebook drawing Sept. 1969)
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Note that the 15t CCD was p-channel
Information carried by holes, not electrons



CCD Charge Transfer (3-Phase)
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J. R. Janesick, Scientific Charge-Coupled Devices, SPIE Press, 2001




15t light for the CCD

8 pixel, 3 phase metal gate CCD

M.F. Tompsett, G.F. Amelio, and G.E. Smith, “Charge-coupled 8 bit shift register,”
Appl. Phys. Lett., 17, 111, 1970



15t light for the CCD

8 pixel, 3 phase metal gate CCD

M.F. Tompsett, G.F. Amelio, and G.E. Smith, “Charge-coupled 8 bit shift register,”
Appl. Phys. Lett., 17, 111, 1970

Amelio left Bell Labs in 1974 for Fairchild Semiconductor, which produced the
first commercial CCD (100x100, 1973). Later became CEO of National
Semiconductor and then Apple Computer.



Willard Boyle (left) and George Smith (right)
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Sony CCD production up to 1999

B Photograph 6 FT CCD Image with 8H x 8V
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http://www.sony.net/Products/SC-HP/cx_news/voll19/pdf/tw.pdf



Tatal praduction imillion pieces)

o
o

[=F]
=]

=
=

20

Sony CCD production up to 1999

B Photograph 6 FT CCD Image with 8H x 8V
(64 pixels) (1972)
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Considered significant milestone for Sony




Significant Milestones in CCD Development:
Reduction of surface dark current

Dark current: Thermally-generated charge (aka “leakage current”)
Avoid depletion at silicon-S10, interface, interface states and surface
depletion lead to high dark current



Significant Milestones in CCD Development:
Reduction of surface dark current

Dark current: Thermally-generated charge (aka “leakage current”)
Avoid depletion at silicon-S10, interface, interface states and surface
depletion lead to high dark current
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HAD: Hole accumulation diode (p+ implant)
J. Furukawa et al, IEEE Trans. Consumer Elec., 38, 595, 1992.



Sony HAD with microlens
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Fig.4 Cross-sectional view of the unit cell

HAD: Hole accumulation diode

Marketing with quantum mechanics

Interline transfer CCD shown above has limited fill factor due
to Vertical CCD register with light shield — limits Quantum Efficiency



Development of Scientific CCDs

Introduced in 1972 by Bell Labs to NASA as potential detector for the proposed
Large Space Telescope (later became Hubble Space Telescope)

CCD development at NASA Jet Propulsion Laboratory

— Commercial devices from RCA and Fairchild initially but both had
drawbacks for scientific work

— Fairchild CCD was interline transfer, limited fill factor
— RCA CCD was back illuminated but surface channel (poor charge transfer)

> 10 year NASA R&D effort between JPL and Texas Instruments to develop
buried channel, back illuminated, frame transfer CCDs. Led to 800 x 800 CCDs
for the Galileo mission and HST (Wide Field/Planetary Camera I).

JPL “traveling camera” demonstrated at ground based observatories starting in
1976 (T1 400 x 400 CCD with 15 um pixels)

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



Texas Instruments thinned, back-illuminated CCD
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FIGURE 5—Dark cuirent pattern and imagery from a back-

side illuminated 500 x 500 CCD.
FIGURE 1--Photomicrograph of a 300 x 300 CCD chip.

M. Blouke et al “Three-phase, backside-illuminated 500 x 500 CCD,” Int. Solid-State Circuits Conf., 1978

10 um thick in imaging area. Preceded by the Bell Lab’s Silicon diode array camera tube
(believed to be the 15t thinned and back-illuminated semiconductor imaging device).



Significant Milestones in CCD Development:

Invention of Correlated Double Sampling

[EEE FOURMAL OF HQOLID-BTATE CIRCULTE, voL. 08, Mo, 1, FEBRUART 1074

Characterization of Surface Channel CCD
Image Arrays at Low Light Levels

MARVIN H, WHITE, senior MEMBER, 1EEE, DONALD R. LAMPE, MEMBER, IBEER,

FRANKLYN C. BLAHA, memper, 12e8, aNp INGHAM A, MACK, MEMEER, IEEE

Absfracf=The characterization of surface channel charge-cowpled
device (CCD) line imagers with front-gurface imaging, interline
transfer, and 2-phase stepped oxide, silicon-gate CCD reglsters is
presented in this paper. The analysis, design, and evaluation of
1 X 64 CCDr line atrays are described in terms of their performance
at low light levels. The signal-to-noise/S,/ M) is formulated in terms
of charge at the collectlon diode. A dynamic range of 80 dB and a
nolse equivalent signal (NES), where S/N = 1, of 135 electrons is
achieved with a picture element time of 20 u8 and an integration
time of 1.32 main the absence of a fat zero, A unigue CMOS readout
circuit, which uses correlated double sampling within a picture
element time window, removes the Nyquist nodge of the reset
switch, eliminates switching transients, and suppresses low-
trequency noise to provide low-nolge analog signal processing of the
video signals. This paper deascribes the responsivity, resolution,
spectral, and nolge measurements on silicon-gate CCD sensors and
CCD interline ghift-registers, The influence of transfer inefficiency
and electrical fat-rero ingertion on resolution and nodse is described
at low light levels,

electrometer amplifier. Thus, with the CCD principle a
photon-generated eignal charge may be transported over
long distances within the silicon and amplified at low
input noise charge levela, Although the clock and video
gignal levels are noninteracting within the CCID imager,
there is an interaction at the collection diode. We have
developed a methed of signal processing called correlated
double sampling [5], [6] to remove the switching tran-
gients, eliminate the Nyquist noise associated with the
reset switeh/node capacitance combination, snd suppress
/" surface-state noise contributions. With this tech-
nigue we have realized the intrinsic noise equivalent sig-
nal (NE8) of the CCD imager which is set by the thermal
“ghot” noise of the leakage current. In the CCD imager
the video signal i3 processed within the array by an
analog CCD shift register, whereas, in non-CCD arrays

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



Invention of Correlated Double Sampling (cont’)
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CDS removes reset (kTC) noise (85 electrons in an LBNL CCD)
Charge domain is key: Reset collecting diode

Measure reset level (with kTC noise)

Shift charge to collecting diode

Subtract to remove kTC noise, pus correlation



Kodak CMOS Pixel
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Fig. 1. Cross-section of pinned photodiode image
sensor, showing the photodiode, transfer gate, and a
schematic of the remaining transistors in the 4-transistor
pixel cell.

Modern day CMOS 1magers used 1in high-end digital
still cameras have a CCD-like pixel that allows for
CDS processing

Canon, Nikon (Sony imager), Kodak



2004 Sony CMOS Pixel
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Figure 6.3.2: Cross section from HAD 1o FO.

> 30 year old concepts (charge coupling, CDS) still
valid and in use in modern day CMOS imagers



UC-Berkeley connections to CCD development

IEEE Trans. Elec. Dev., 21, 712, 1974

Charge-Coupled Area Image Sensor Using Three Levels

of Polysilicon
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3 - phase, overlapping triple polysilicon gate
electrode pixel is the standard for scientific CCDs
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IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. ED-23, NO, 2, FEBRUARY 1976

UC-Berkeley connections to CCD development (cont’)

115

Noise in Buried Channel Charge-Coupled Devices

Abstract—In this paper we discuss the npise measured at the output
of a buried channel Charge-coupled device (BCCD) linear ghift register.

arises from four sources; the elecirical insection of
output amplifier, dark current, and bulk state (rap-
ifig these measurements the concept of correlated double
usad in an output circuit which had a nodse level which
was equivdent to less than 30 podse electrons. A critical component in
this oulput was a low noise MOSFET which was achieved by use of the
burieg/ channel technology. A low noise input structure for electrical
insartion of signal charge was used which introduced & signal which had
& fioise Lirvel which ranged from less than 10 e~ 1o a5 high a3 60 &™ de-

ending on the zize of the signal charge. The dark current noise was
found to be well characterized as a shot noise and levels on the order of
20 ¢” were measured. The above low noise levels made possible direct
measurement of the noise due to bulk state frapping, and depeading on
the signal size and clock rate noise levels were measured which ranged
from less than 10 fo over 100 noite elecirons, One of the most im-
portant bulk traps was found to be due to gold impurities which had
a densdty of ~ 2 % 101 em~3.

REOBERT W. BRODERSEN AnD STEPHEN P, EMMONS, MEMBER, IEEE

input noise and bulk state trapping. In order to separate the
contributions from these two sources it i5 necessary to make
use of their characteristic spectral distributions. This is possi-
ble because the correlated nature of bulk state trapping noise
[5] results in a suppression of bulk trapping noise at low spec-
tral frequencies 30 that the noise measured at these frequencies
is due only to the spectrally flat input noise.

II. TEST DEVICE CHARACTERISTICS

A 150 stape linear BOCCD was used in these noise measure-
rents which uses overlapping four-phase electrodes (600 charge
transfers} with an electrode size of 7.5 um ¥ 125 ym. The
metallization masks were compatible with bath Al-Al; G -Al
[6] and poly-silicon-aluminum double level metal systems [7].
Both of these metallization methods were used in fabrication
without noticeable differences in device operation. The

Robert Brodersen, UC-Berkeley Professor
of Electrical Engineering since 1976



UC-Berkeley connections to CCD development (cont’)

IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. ED-23, NO, 2, FEBRUARY 1976 115

Noise in Buried Channel Charge-Coupled Devices

REOBERT W. BRODERSEN AnD STEPHEN P, EMMONS, MEMBER, IEEE
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Fully depleted, back 1lluminated CCD

copPhase 1) Conventional CCD fabricated on thick, high-resistivity
l Poly gate silicon substrate
w{) / 2) Substrate bias voltage used to fully deplete substrate
== buried Merging of p-i-n and CCD technology
p channel 3) High near-infrared QE and elimination of fringing
o Ef_l_-cm) 4) Control of PSF via thickness and substrate bias voltage
photo- | 5) P-channel CCD — improved radiation hardness
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Fully depleted, back 1lluminated CCD

3-phase
CCD structure
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S. E. Holland, D.E. Groom, N.P. Palaio, R.J. Stover, M. Wei,
IEEE Trans. Elec. Dev., vol. 50, no. 1, p. 225, January 2003



Basic functions of a CCD

Charge generation

— Conversion of light to electron-hole pairs

— Figure of merit: Quantum Efficiency (QE)
Charge collection

— Transport of charge to CCD potential wells

— Figure of merit: Point Spread Function (PSF)

— Spatial resolution 1ssue
Charge transport

— Charge shifting to output amplifier

— Figure of merit: Charge Transfer Efficiency (CTE)
Charge measurement

— Figure of merit: Noise



Unique features of fully depleted, back-
illuminated CCDs fabricated on high-p silicon

Charge generation

— High near-infrared QE
— Lack of fringing
Charge collection

— Tunable and generally good spatial resolution due to an
electric field throughout the volume of the CCD

Charge transport
— High-purity silicon generally free of traps, high CTE

— P-channel CCD more resistant to the damaging effects
of space protons

Charge measurement



Characteristics of Scientific CCDs used in Astronomy

 Large format and area
— 2048 x 4096, 4096 x 4096 (15 pum pixel)
NS

150 mm diameter wafer fabricated for LBNL by DALSA Semiconductor



Characteristics of Scientific CCDs used in Astronomy

 Large format and area
— 2048 x 2048, 2048 x 4096, 4096 x 4096 (15 um pixel)
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Astronomy Cameras: Subaru Suprime-CAM
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8 x 2048 x 4096 CCDs from MIT/Lincoln Laboratory



Astronomy Cameras: CHFT Megacam

40 2048 x 4612 CCDs
13.5 pum pixels

340 Mpixels total
Operated at —120C
CCDs from e2V




Characteristics of Scientific CCDs used in Astronomy

 Cost
— Presently available from 2-4 commercial CCD vendors
— > $50-80k per 2048 x 4096 astronomical grade device

Back-illuminated CCD




What else can you buy for $50-80k?

Back-illuminated CCD Sipgle CCD
prices

e
N\

Volume prices |

p—— -

e

“Oh Lord, Won’t you buy me a Mercedes Benz? fi
My friends all drive Porsches, I must make amends.”

Janis Joplin, 1971



Characteristics of Scientific CCDs used in Astronomy

 Cooled
— -90C to -140°C
— Minimize dark current and associated shot noise
— Typical dark current : few electrons/pixel-hour
— Allows for long exposures (minutes to hours)



30 minute dark exposure at —140C: Front-illuminated,
fully depleted, 650 um thick, 12.3 Mpixel LBNL CCD

ol

0 2000 300

e
~
v

O 1 C

CCD 107409.16.11 at V,;=206V (10.5 pm pixels)

0.6 e-/pixel-hour
dark current

Background from
cosmic rays and
Compton electrons

Long tracks due to
thick depletion regions

Unique “feature” of
thick, fully-depleted CCDs
derived from HEP

charged-particle detectors



Cosmic ray/Compton Electron Gallery

107409.14.7 650 um thick 105868.15.11 200 um thick

Background essentially disappears 1f the LBNL CCD 1s operated
deep underground (180 meters rock) in a special lead vault



LBNL Low Background Facilities

The Low Background Facilities are laboratories especially designed to shield out cosmic
and terrestrial radiation to allow the ultra-sensitive analysis of radioactivity in samples
normally considered non-radioactive. Examples of this are building materials and
electronic components for neutrino and dark matter detectors, environmental samples, and
cosmic ray activated samples.

® [BF Overview
® LBF User Info

e [LBF Staff
e IBF Low Background Facilities Low Background Facilities
. Berkeley Site Oroville Site
Publications
® Neutron
Activation
® Field
Measurements
® Annual Reports
e NSD Home
Page
The two sites are linked by modem for data transfer
e LBNL Home i
Page Minimum 1.5 m low- Ultra-Tow-background
I aclivily concrele achieved by thousand-fold
® Disclaimer eliminates interference reduction of casmic rays
Site Webmaster: from terrestrial and low-activity detector
radiation components

Dick McDonald:
rjmcdonald @1bl.gov

Version 2/17/99

LBNL Low Background Facility key to determining
the terrestrial source (U/Th/K etc) of the Compton
background (Richard McDonald and Al Smith)
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Characteristics of Scientific CCDs used in Astronomy

* Slow readout
— Frame readout time can be minutes (50 - 100 Kpixels/sec)
— Noise proportional to (Pixel Rate)”
— Typical noise : <5 electrons rms



Noise measurement: LBNL 2k x 4k

Noise vs. sample time for LBNL 81481-10-1 with
newcam
- 12
Q
~ 10 2
8 g1\
2 5 Nh""‘--...___
5
= 4 L
8 2 ==
<]
=0
0 2 4 6 8 10 12 14
sample time (us)

Measurement from Lick Observatory
Sample time refers to correlated double sampling time



Characteristics of Scientific CCDs used in Astronomy

e Back illuminated

— Necessary because front-illuminated operation results in

significant light absorption in the polysilicon gate electrodes,
especially in the blue

— High quantum efficiency (peak > 90%, film 1%)

-
.
v

Poly 3

Poly 1

18K LU ~18.,8848
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Fairchild Imaging CCD datasheet



Unique features of fully depleted, back-
illuminated CCDs fabricated on high-p silicon

Charge generation
— High near-infrared QE
— Lack of fringing
Charge collection

— Tunable and generally good spatial resolution due to an
electric field throughout the volume of the CCD

Charge transport
— High-purity silicon generally free of traps, high CTE

— P-channel CCD more resistant to the damaging effects
of space protons

Charge measurement



Unique characteristics of back-illuminated CCDs
fabricated on high-resistivity substrates

« Depletion thickness varies as the inverse square root of substrate
doping density

e Conventional CCD’s have doping levels in the 10'* — 10'> cm™ range

— Implies depletion depths on the order of 10—20 um and thinning to a
comparable thickness to minimize electric-field free regions that degrade
spatial resolution

 Float-zone refined silicon can have doping levels in the mid-10'! to
low 10'? cm -3 range

— Depletion depths of 100°s of um possible at reasonable bias voltages

— Silicon atomic density is 5 x 10%?? atoms/cm? so purity levels in high
resistivity silicon are approximately 1 part in 10!

Thick CCD’s have greatly improved near-infrared quantum efficiency



pn-junction basics

pn junction

\ / Depletion edge

Doping N, Doping N

Positively charged, ionized donor atoms

: 28,
Depletion depth x,, = \/ Esi (VSXf 0 for N, >> N,
4N p



Absorption length £ (um)

Quantum Efficiency and Fringing

77K —
—100° C =178 K— ™/,

p

10"
10721

1072

10_3 L L L 1 L 1 1 L 1
200 300 400 500 600 700 800 900 1000 1100
ST T Wavelength (nm) T

Atmospheric E; = 1.147 eV
cutoff Ag = 1081 nm
(=zilicon bandgap at 150 K)

D. Groom et al, “Quantum efficiency of a
back-illuminated CCD imager: an optical
approach,” Proc. SPIE, 3649, 80, 1999

Light intensity / = I, exp(—ax)
a = Absorption Coefficient =1//

Silicon is an indirect bandgap
material requiring phonons

(lattice vibrations) to conserve
momentum during light absorption
for hv <~2.5eV (A >~500 nm)

Absorption length ~ 100 um at a
wavelength of 950 nm and
temperature of —100C



LBNL 2k x 2k Quantum Efficiency

Quantum Efficiency of state-of-the-art CCDs

100

—o— LBNL
—a— MIT/LL high rho
—a— Marconi

\

. // A
- N
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Quantum Efficiency (%)

Wavelength (nm)

From “An assessment of the optical detector systems of the W.M. Keck Observatory,”
J. Beletic, R. Stover, K Taylor, 19 January 2001.

2 layer anti-reflection coating: ~ 600A ITO, ~1000A S10,



Fringing in thinned CCDs

A =800 nm 900 nm
Measurements courtesy of R. Stover, M. Wei of Lick Observatory



Dumb-bell nebula

INRTTORATNOr TTeAl AsTrONOMY OBSERVATORY
Pegk ®» US. Geminl Program

SLAR (D BSERVATORY

®  Socramenlo Pezk

LBNL CCD
Blue: H-a at 656 nm
Green: SIII at 955 nm =
Red: 1.02 pm £SO PR Phot 35455 (7 Okber 599) IS———

Planetary Nebula NGC 6853 (M 27) - VLT UT1+FORS1



Science result from NOAO MARS

| I | I I
201 =
y High-z quasar r
= 1.5 -
QD
=
1.0 N
e I
C
0.5 -
0.0 |- #iiHectotmbboog ot iy -

| | | ] |
6000 7000 8000 . 9000 10000
Wavelength (A)

Data courtesy of Xiaohui Fan, University of Arizona
Astronomy Department and the Sloan Digital Sky Survey



Science Highlights
2

Spectroscopy of z ~ 6 Quasars with MARS

Xiachui Fan {University of Arizona), Jeseph E. Hewawd, Michael AL Striuss, Gendon T, Richards
{Princeton University) o Doralid P, Schagider {Poen State Uiiversity) for the SD5$ Collaberative

the ammher of knmen high-redshift guasars and the

highusd kesnen quasar redshifl. Powerful multicalos
surveys, sach as the Sloan Digital Sky Sureey (S84, b led
o the discovery of more than HH goasans & 2 > 4, induding
atrer dhsam 30 al 2 = 5 The guasas widh the highess messired
redshidt is now ot 2 = G These guasars provide ivsight into
the lomimation of carly fEmeTathin of galaxies and gquasars.
Perwered by accretion calo black boles of several billion
sodar masses, their evolution races the bastory of black lale
growth i the eardy universe, Many quasars show signs af
active star firmatiom and mapid chemical enrichnwnt in
thetr envisonmenis, indicating a clese relationship bebween
lack ke formsation and galaxy evolution. b edditson, Tya
absarption in the quasr spectea is fousd o ewole stoonghy
oz auﬁrwmmgbndgmﬂnd declimes quickly with
intreasing redshilt. Guno-Pelersen teoughs (0 the specita
uf the highest redshift objects at = > 6.2 suggesl that the
intergalactic medicm wis rcionieed at 2~ 6.2

The past few years have seen a dramatic incrense is both

The SDS% is being cerried out at Apache Paint Observatory.
M nsing & disdicated 3.5-m tebescope equipped with a large-
format COT camiera, Emages in five brosdbamid filbers Lu, g
¥, il 2 are Bu.ngnhui'ru:d e 100D deg’ of ligh-(Galactic-
latinude shoe. Wials the inchusion of the £-baad fher centened
2 ~HHN0 A, quasars can be detecied op to redshifes of 2~ 6.6,
ey b st T wears, we have used the SDS5 Inug,hgdn.u
At identily quasars al z ~ 6. Quasar candidates arg sclecied
hased on their extremely red i<z collars ({2 = 22} that resalt
Tronm stsong Lya absorption in the Gband ot shis redshiG,
Thy are extremely rare objects on the sky and e dificolt o
ifemylafy Fron: the S0058 date alone becanse they are aften dose
ten b dtecto limin, They noy sk be confised with casmic
ray hils amd Bevosm dwarls with smilar oo, To mprove
o sefection efficiency, we first abtain additional oplacal and
near-T1 photemenry of candidates on other sebescipes, then
carry out deailed spectroscopic hsermbioms of these fain,
red sosarces asing barger iekscnpes,

Scene of aur recenl spectroscopy has been carried oat with
the new Muli-Apernare Red Spectromerer [MARS) an the
Kitt Peak 4-m tebescope,  MARS is equipped with & thick
LENL COD that bas a high quantam effciency m the red,
as veell as new q'.l‘l.cu.nd & prism wiih hlgh red throughpe,
Fuilly aptingized for the red region [ > 3000 &), MARS is
wiell suitead Sor Bollow- wp spectroscogy of these very red, faint
ipassar candidates,

With MARS, we have an opportunigy o dentify and obdain
‘high-paadivy specira af £ - &quasars, o task that was previously
pussible anfy with larger velescopes, The Aguee duws the

1 JIB2S r=6.21

20

£
T L)
E.ﬁ E 1411 z=5.B4 .

(O

o
E000 TO00 BOCd GO0 it
wowstorgih (R}

Specira of twe high-redshift quasors obsened with MARS in
Junte 2003, JIGES feop). ab £ = 6.21, is the thivd highest-
reshift quasar kwown, [t obes an eetemely stong e
emisson log. ond o cleer Gune-Fetersan taaggh,  The kigh
Hhroughput of MARS of 1 = 8000 A i well swited fo the
SpRCtROGCOnY & MUasars ot 2 - ,

spectra of twi 2 ~ 6 quasars that wen: ohserveed with MARS
d‘uriqg oar ruE in ij:.rlng 213 {Fan et al, submicted], ez
[t = G2E) is the tied Bighest nodshif quasar kiowa, Tt
has an extremely sroeg Lyo emission lime and shows a char
Caunn-Peierses trough bliewand of Lye, which &= coasistent
wilh thwosi abserved in oiler = > 6.0 quasars, The spocin
akso demonstrale the red sensitivity of MARS: the signal-
ta-malse does not decline even & > 9000 A, and compares
Evvorably with those laken with Targer tebscopes ander
shmilar comdiisons. As an added bowus, the data shaorw Titdle
frivging o the red sod pear-lz, & problem fhar aiflics mose
thirmed CODs,

“Thiise pesudis bring to B8 the onmber of £ = 5.7 quasars faad
thuss far. Owur survey 18 ongoing and wie copect e establish a
sample of more than 20 quasars af z > 5.7 in the next three
yeazs, With this saomglie ol quaars, we will be abbe s addres
basic questioas aboal the cardy evolistion of qmzrs, the
waripnship between carly sapermassive hlack boles and
grhxy fermation, acd the eelution of the intergalacic
meelivany ab ke reicaization spoch.

Dhecermiber 20073

A JanapEnap CEn OO

I LBNL 1980 x 800

(15 um pixel) CCD

See Feb. 2005 issue

of “Sky and Telescope”

magazine for article on
“high-red shift quasars

National Optical Astronomy
Observatory Dec. 2003
newsletter



NOAO Multi-Aperture Red Spectrometer
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Transmission and QE [%]

Transmission and QE plot

Calculated transmission (plane parallel equation)
Undoped silicon 3/4/05
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Seeing through silicon with a thick, fully-
depleted, back-illuminated CCD

1600 1 1
i =

i ’ : :
1400 = .
1200 g
y « I

1000 -

2000 2500

Labsphere projector system was used to project a slide constructed from CCD wafer test
structures. Exposure was 4 seconds at {f/22 using Nikon macro lens. 250 um thick die with

aluminum metal.



Seeing through silicon with a thick, fully-
depleted, back-illuminated CCD

1000 |-

e g
e 5. e
W6 P

» e P

: el e

200 pm thick die, no aluminum metal



Seeing through silicon with a thick, fully-
depleted, back-illuminated CCD

Transmission imaging Optical micrograph

200 pum thick die, no aluminum metal



Unique features of fully depleted, back-
illuminated CCDs fabricated on high-p silicon

Charge generation

— High near-infrared QE
— Lack of fringing
Charge collection

— Tunable and generally good spatial resolution due to an
electric field throughout the volume of the CCD

Charge transport
— High-purity silicon generally free of traps, high CTE

— P-channel CCD more resistant to the damaging
effects of space protons

Charge measurement



>Fe image

Sub 1mage
3S5Fe events

Mn K, x-ray photons from >°Fe produce 5.9keV/3.65=1620 e/h pairs
Known signal level used to calibrate CCD gain and measure CTE



Charge transter efficiency measurement
with >Fe x-rays
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Charge transter efficiency measurement
with >Fe x-rays
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1620 hole charge packet transferred as far as 3512 x 10.5 um = 3.7 cm



1997 email from Jim Janesick (then at JPL)

From MYPIXEL@aol.com Mon Mar 10 18:19 PST 1997

From: MYPIXEL@aol.com

X-Authentication-Warning: mh1l.lbl.gov: Host emout0O1.mx.aol.com
[198.81.11.92] claimed to be emout01.mail.aol.com

Date: Mon, 10 Mar 1997 21:18:31 -0500 (EST)

To: holland@ux5.1lbl.gov, richard@ucolick.org

Subject: Radiation Damage VS DDCCD
Steve, Richard,

As a side benefit to your p-channel technology it should perform well in a
radiation environment. As far as we know we don't see any natural traps to
degrade CTE as we do for n-channel CCDs which characteristically have P-V
centers (0.43 eV . . . bad news critters). We will also test for this very
important characteristic.

Jim
Dominant hole trap is the di-vacancy. Formation 2" order compared to

phosphorus-vacancy (P-V center) in n-channel CCDs. P-channel CCD should be
more resistant to the effects of displacement damage in the space environment.



Marshall et al, SPIE 5499 (June 2004)
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Fraure 8: The CTI at -84°C 15 shown for the current p-channel CCD and compared fo the WFC3 n-channel CCD results
of Waceynsk: et al. 6] as a function of 63 MeV proton tluence. The x-rav densihes are comparable { Iin 60 pixels for
the WFC3 n-channel CCD and our p-channel CCD results). The WEFC3 timing was used for all measurements

Closed symbols: LBNL p-channel CCD Open symbols: n-channel
Sometimes it pays to be lucky



Unique features of fully depleted, back-
illuminated CCDs fabricated on high-p silicon

Charge generation

— High near-infrared QE
— Lack of fringing
Charge collection

— Tunable and generally good spatial resolution due to
an electric field throughout the volume of the CCD

Charge transport
— High-purity silicon generally free of traps, high CTE

— P-channel CCD more resistant to the damaging effects
of space protons

Charge measurement



Spatial Resolution (PSF)

The existence of an electric field in the depletion region “steers” the
photogenerated charge to the potential wells

Conventional thinned, back-illuminated CCD’s have electric-field free
regions that can dominate the spatial resolution

A fully depleted CCD has a spatial resolution proportional to thickness
and inversely proportional to the square root of substrate bias voltage

PSF is the key requirement that has led to the development of the
“high-voltage compatible CCD” for the SuperNova Acceleration
Probe (SNAP)



Thick, partially depleted CCD

Cosmic rays traversing undepleted
107409.14.7 (electric-field free) silicon



Thick, partially depleted CCD

107409.14.7

Broadening of track due to increasing depth of charge
generation as the cosmic ray traverses the silicon. Deeper

depth implies more lateral charge diffusion and degraded
spatial resolution.



PSF measurements on 200 yum thick CCD
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PSF (rms), in um
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PSF measurements on 200 yum thick CCD
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Spin off of HV-compatible CCD development

* Operation at high V5
— Improves spatial resolution for given thickness

e Thinned, 200 um thick CCD’s for SNAP where
spatial resolution is the key parameter

— Increases depletion depth for given V¢

 Possibility to deplete thick CCD’s with potential
applications 1n direct detection of hard x-rays



Fully depleted, 650 um thick SNAP V2 CCD

0 1000 2000 3000

1800s dark at Vsub = 207V yields 0.63 e-/pixel-hour
Front-illuminated control device 107409.16.11, fully depleted at 207V



CCD 107409.14.7
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>Fe x-ray histogram for this device. Read noise was 3.6 e- rms at 70 kpixels/sec.



% Absorbed

x and y-ray absorption in Silicon
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The standard synchrotron x-ray detector:
phosphor - reducing fiber - CCD

Brandeis 2x2 CCD

ADSC Q315 3x3 CCD

- good high signal DQE: poor low signal DQE

- slow readout



Typical Scientific CCD functional diagram
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Increase CCD Readout Speed by up to 1000X

What areas could benefit from this today at ALS ?

Tomography: (Earth Science, Materials Science, Health)
- acquisition time / frame 5 msec, readout time 1 sec:
- improvement in performance of 200
Time-resolved small angle scattering: (Biology, Materials Science)
- acquisition time / frame 100 msec with 95% of detector used as memory
( 10 msec / frame and 100 % of detector used for x-rays required)
- improvement in performance of 200
Laue micro x-ray diffraction: (Materials Science)
- acquisition time / frame 20 msec, readout time 5 seconds
- improvement in performance of 25
Soft x-ray speckle: (Condensed Matter Physics, Materials Science)
- acquisition over 1 pixel (fast) or 1 frame (slow)
- improvement in performance of 200

Slide courtesy of H. Padmore



Solution — Column Parallel CCD

SNAP-like CCD+ADC
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SNAP like CCD+ADC




CCD Fabrication

100 mm wafer

fabricated at LBNL

150 mm wafer fabricated at
(All LBNL CCD’s on DALSA Semiconductor
ground-based telescopes
fabricated at LBNL)

CCD fabrication technology advancements are critical



LBNL MicroSystems Laboratory

Class 10 clean room
Full 100 mm CCD fabrication capabilities except for ion implantation
150 mm upgrade in progress

Thermco furnaces at LBNL Microsystems Laboratory



Brief history of CCD development
and fabrication at LBNL

You can’t always get what you want

Repeat

Repeat

But if you try sometime, you just might find,
You just might find,

You get what you need

K. Richards and M. Jagger, 1969



Brief history of CCD development
and fabrication at LBNL

FY1995 LDRD!: “Development of High-resistivity Charge-
Coupled Devices for Imaging”

Investigators: S. Perlmutter, G. Goldhaber, C. Pennypacker, H.
Spieler, S. Holland, R. Stover (UCSC), industrial partner

Also 1nspiration from D. Nygren

Laboratory Directed Research and Development
LBNL internal funding



Brief history of CCD development
and fabrication at LBNL

FY 1995 LDRD: LBNL to develop back-1llumination technology
Commercial integrated-circuits foundry to fabricate CCDs
Foundry doesn’t come through, LBNL to fabricate CCDs!

/

15 high-p CCDs 1J. Janesick
fabricated at LBNL very helpful
on 100 mm wafers with LBNL

CCD startup
Stepper lithography
3 CCDs per die
Format 200 x 200

(15 um pixels)




Brief history of CCD development
and fabrication at LBNL (cont’)

Scale up to large format requires 1 to 1 projection lithography

Lithography
equipment
donated to
UC-Berkeley

by Intel Corp.

Installed at
LBNL
Microsystems
Laboratory




Brief history of CCD development
and fabrication at LBNL (cont’)

15t large format CCD developed at LBNL (2k x 2k, 15 um pixels)




Brief history of CCD development
and fabrication at LBNL (cont’)

Addition of polysilicon/silicon nitride plasma etch capability
Partially funded by Keck Telescope for 2k x 4k development

1478 x 4784 2kx4k 1294 x 4186
10.5 pm 15 pm 12 pm




Brief history of CCD development
and fabrication at LBNL (cont’)

Addition of polysilicon/silicon nitride plasma etch capability
Partially funded by Keck Telescope for 2k x 4k development
~ start of the “Michael Lev1” era: key to “get what you need”

1478 x 4784 2kx4k 1294 x 4186
10.5 pm 15 pm 12 pm




Brief history of CCD development
and fabrication at LBNL (cont’)

Development work with DALSA Semiconductor on 150 mm wafers

DALSA ships partially processed wafers that are completed at LBNL
Back-1llumination technology development at LBNL

rS EMICOMDUCTOR



Brief history of CCD development
and fabrication at LBNL (cont’)

150 mm equipment at LBNL MicroSystems Laboratory

Oxide plasma etcher
Texas Instruments auction

150 mm lithography tool



LBNL CCD Process Flow

Front-side processing at commercial foundry on 150mm wafers

thin, ISDP,
contact etch &
metallization,
AR coat

at LBNL

Refractory
metal TiN
done at
foundry

Standard Al
metal done at
foundry

“Business
Model”

!

|

thin, ISDP and
AR coating at
LBNL

thin, MBE at
NASA/JPL

“Ti N”

“50-doped”

Standard Al metal
done at foundry

“Front
illuminated”

}

Thinned (200 um), back-illuminated CCD

Thick, front-illuminated CCD
(QC, HV testing, irradiation)




LBNL CCD Process Flow

Front-side processing at commercial foundry on 150mm wafers

Back-illuminated processing done at wafer level (not die)

thin, ISDP, Amenable to volume manufacturing

contact etch &

metallization, To date 20, 200 um thick business model wafers have been
AR coat completed at LBNL

at LBNL 7 wafers have been cold probed at Lick Observatory (Richard

Stover) with 23 of 28 SNAP CCD’s “imaging and free of
major defects”

The latter does not imply “Science grade’ but is nonetheless

“Business encouraging
Model”

Thinned (200 um), back-illuminated CCD
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