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On Picture is Worth …On Picture is Worth …

Much of what happens at LBNL is “taking pictures”
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On Picture is Worth …On Picture is Worth …

We worry a lot about getting just the right lighting …
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On Picture is Worth …On Picture is Worth …

And of course about the subject …
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On Picture is Worth …On Picture is Worth …

But less often “the camera” …
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One Picture is Worth …
Solid State Imaging Detectors

One Picture is Worth …
Solid State Imaging Detectors
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DesirableDesirable

� (x,y)
� q (or n)
� E (or λ)
� t

δ

T

X

� X: ∞ (or N = X/δ: ∞)
� Frame rate: ∞
� Dynamic range: ∞
� Non-linearity: 0
� Cost: 0
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Solid State ImagerSolid State Imager

Generally some sort of diode array
(Title is general – talk is about Si)

N+ contact

p Si

Depletion region

E

nnnn RGnDEn
t
n

−+∇+∇=
∂
∂ 2μ

Drift: v=μE

Continuity equation

μ
q

kTD =Diffusion:
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Also importantAlso important

Point spread function –
determines spatial resolution

→ MTF: fft(PSF)

A0

1/f

0.0

0.2

0.4

0.6

0.8

1.0

1.2
A

/A
0

f



P. Denes July ’06 I3

Oh, this also helpsOh, this also helps

Somewhere between the “sensor” and   there needs to be some electronics
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TopologyTopology

2D segmented Si
2D segmented Si attached
to 2D segmented Si 

2D segmented Si attached
to 1D segmented Si
or other electronics 

Monolithic
sensor+readout

on same substrate

Hybrid
Sensor

+
Readout
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Start with small, but useful, part of spectrumStart with small, but useful, part of spectrum

Consumer imaging is a many $B/year industry
(driven, of course, by such critical needs as →

What can we learn?  What can we do better?

48.5

54.7

57.7

1.9

13
14.9 4.5

Memory
Microporcessor
Logic
Analog
Discretes
Opto
Sensor

2005 SIA breakdown
($B)
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Integrated Circuit ElementsIntegrated Circuit Elements

S G D
B

p Si

n+ n+

L
W

SiO2

tOX

p+

MOS Transistor

p Si

p+

SiO2

pn Diode

n+
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Conventional Semiconductor ProcessingConventional Semiconductor Processing

� Passive Pixel Sensor
� Proposed 1968
� No in-pixel reset
� Poor performance due to capacitive 

load (nothing buffers the 
photodiode)

SELECT

n+ n+n+

p Si

n+ n+n+
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Active Pixel SensorActive Pixel Sensor

� Active Pixel Sensor
� Also proposed 1968
� Many ways to make 

the photodiode

RESET

SELECT Photosensitive regionPixel

Fill factor = 
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How It WorksHow It Works

RESET

SELECT1

SELECT2

OUT

V1

V2

RESET

V1

V2

SELECT1

SELECT2

OUT
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Add Microlens and Color FilterAdd Microlens and Color Filter

� Microlens array 
recovers some of the 
fill factor

� Opaque walls 
between cells 
reduces cross-talk

� Color pattern 
matched to algorithm
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Integrated Circuit ElementsIntegrated Circuit Elements
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Accumulate ChargeAccumulate Charge

V+ V–V–

––
–

–

–
–
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Accumulate and Transfer ChargeAccumulate and Transfer Charge

V+ V–V–

–

–
–

–

––

V+V–
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Conventional 3-Phase CCDConventional 3-Phase CCD

� Noiseless, ~lossless charge transfer
� High gain charge-to-voltage conversion ΔV = q/CFD

� Output amplifier (source follower, or …) on-chip

ϕ1
ϕ2
ϕ3

RST VDD

VDD

Out
FD

ΔV
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Scientific CCDsScientific CCDs

� CCD invented in 1969 by Boyle 
and Smith (Bell Labs) as 
alternative to magnetic bubble 
memory storage

� LST (“Large Space Telescope” –
later Hubble) 1965 – how to 
image?
� Film was obvious choice, but -

It would “cloud” due to radiation 
damage in space
Changing the film in the camera 
not so trivial

� 1972 CCD proposed

Dumbbell nebula - LBNL CCD
Blue: H-α at 656 nm
Green: SIII at 955 nm
Red: 1.02 mm
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Many ways to do thisMany ways to do this

ϕ1

ϕ2

ϕ3

Pixel 1 Pixel 2

Q1 Q2

Q1 Q2Q0

Implant –
modifies potential

ϕ1

ϕ2

Pixel 1 Pixel 2 Pixel 1 Pixel 2

Q1 Q2

Q1 Q2

Q1 Q2

ϕ3

ϕ1

ϕ2

ϕ4

Q1 Q2

Q1 Q2

Q1 Q2
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Several architecturesSeveral architectures
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Frame transfer
Rapid shift from image 
to storage
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Very Large Format CCDs (and CMOS imagers)Very Large Format CCDs (and CMOS imagers)

� Fairchild Wafer Scale Full Frame CCD
� 9216 x 9216 x 8.75 µm pixel
� 80.64 x 80.64 mm2 size CCD
� Eight 3-stage output amplifiers
� Readout noise < 30e- @ 2/fps

� Cypress CYIHDS9000
� 3710 x 2434 x 6.4 µm pixel
� 23.3 x 15.5 mm2 size APS
� 0.13 µm imaging CMOS process

� Canon 16.7 MPix
� 36 x 24 mm2 4992 x 3328

� Kodak 39 MPix
� 36 x 48 mm2
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APS vs CCDAPS vs CCD

� APS – moves a voltage down 
the column

� CDS either in pixel or “digital”
� Addressable readout
� Backside illuminated devices not 

yet really practical
� Support circuitry (clock drivers, 

digitizers) required

� CCD – moves a charge down 
the column

� “Intrinsic” CDS
� Sequential readout
� Backside illuminated devices 

practical (thick ones, too)
� Can be monolithic – one chip

Otherwise roughly the same.  In principle, equivalent dynamic range. 
In principle, same leakage current (but not in practice)
Monolithic device much more profitable → prevalence in market
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The Competition - FilmThe Competition - Film

AgX + gelatin
(emulsion)

sub-micron to few micron grains
CMOS / CCD ~7 – 10 μm

backing
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How it worksHow it works

Incident light

phototelectrons convert Ag+

sites to Ag0 – at the same 
time, thermal fluctuations 
tend to “erase” the image.
Generally, a few photons are 
required to leave a “latent”
image on a grain

larger grains have larger cross 
section, so they are more likely 
to get hit.  Thus, larger grains 
are “faster” but “grainier”
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How it worksHow it works

“develop” the image so that 
the sensitized AgX is 
reduced to black metallic 
silver

“fix” the image – removing 
the unexposed AgX

The chemistry and physics of photographic film is not trivial
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Historical FootnoteHistorical Footnote

George Eastman
"You press the button, we do the rest" 

Hannibal Goodman
Minister at the House of Prayer in 
Newark, New Jersey
(files for patent in 1887 – granted 1898)

The devil is in the details: “photographic plates” (emulsion on glass) Æ cellulose  
nitrate for first motion pictures (tends to burn – don’t yell “fire” in a theater Æ “safety 
film” (Kodak 1911) – not really perfected until 1948 (triacetate)
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Who Wins?Who Wins?
Silicon Film

Regular array of pixels
pitch p

Random collection of
different grain sizes

For now film grains smaller than silicon pixels

Analog Digital
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Pros and ConsPros and Cons

� Processing
� Linearity

� Resolution
� Dynamic range
� Integration 

time

� MTF

� MTF x S/N

Silicon

Electronic
“ideal” n(e–) = QE x n(γ)

Larger pixels
CCDs – 16 bits
Ultra-high quality 
process – minutes; opto
process – seconds; 
normal process – ms
Regular pattern –
aliasing
Better

Film

Chemical
non-linear – n γ required 
to flip a grain; thermal 
fluctuations vs grain size
Smaller grains
Locally, ~4 bits
“long” (also thermally 
limited)

Given by smallest grains, 
no aliasing
Worse
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Marketplace has decidedMarketplace has decided

Photo Marketing Association International 2005 Outlook
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Technical Drive for IndustryTechnical Drive for Industry
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Exponential Growth Achieved by Feature Size ShrinkageExponential Growth Achieved by Feature Size Shrinkage

Gate

n+ S n+ D

Channel Length L →L /κ

tOX → tOX /κ

WD

V→V /κ

CMOS driven by
constant field scaling*

p substrate
Doping - NA→ κ NA

*Not the only way, but life is digital (evidently)

Transistor: W, L
Digital: W = cL
Speed: gm/C
Size: WL

( )

WL
t

C

VV
L

W
t

g

OX

SiO

tDD
OX

SiO
m

2

2

~

~

ε

ε
μ −
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Why constant field scaling?Why constant field scaling?

( )tDD
OX

SiO
m VV

L
W

t
g −2~

ε
μ

Scale geom.
W, L, tOX ↓κ

Scale voltages too
VDD and VT also ↓κ

Area

WL
t

C
OX

SiO2~
ε

Speed ~gm/C

Power ~CVDD
2/speed

Power density ~Power/Area

1/κ2 1/κ2

κ 1

1/κ 1/κ

κ2 κ

κ 1/κ2

κ3 1
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What This MeansWhat This Means

Feature Size
[nm]

Oxide field
(106 V/cm)

2000 1200 800 500 350 250

5.0

250 180 120 100 70

1.4 2.0 2.8 2.8 3.3 3.6

Minimum
NMOS

VDD (V)

tOX (Å)

5.0 5.0 3.3 3.3 2.5

350

130 3565

1.3 1.11.2

30 913

4.3 9.2 12 13

20

6

0.8

Production 1980 1983 1988 1991 1995 1997 2001 2003 2007 2012

How long this can go on is a good topic for another talk …
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Why not combine CMOS and CCD?Why not combine CMOS and CCD?

a dream process? CCD pixel region

CMOS amplifiers/digitizers

CCDs have certain specialized requirements
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Surface vs buried channel CCDSurface vs buried channel CCD

� MOS capacitor
� Potential 

maximum at Si –
SiO2 interface
� CTE < 1 due to 

trapping at 
interface

VG

Potential

D
epth

xd

VG

Potential

D
epth

xd

� Potential 
maximum not at Si 
– SiO2 interface
� CTE  typically > 

99.9999%
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Why not combine CMOS and CCD?Why not combine CMOS and CCD?

a dream process? CCD pixel region

CMOS amplifiers/digitizers

CCDs have certain specialized requirements
• buried channel
• triple poly (for 3-phase CCDs)

• deep implants, thick low doping regions, thick gate oxides 
(high voltages) all go in the opposite direction of shrinking 
CMOS
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CCD vs APSCCD vs APS

� CCD will survive (genuinely better for certain applications –
see below), and will continue to be the best solutions for 
max(area, pixels, dynamic range, speed)
� APS will (is) dominating consumer market

� APS can be a single chip solution
� CCD needs clock drivers, digitizers, digital logic so APS is ultimately 

cheaper for mass-market applications

� One could combine CCD and CMOS, but (so far) there’s no 
commercial push.

� One area where CCDs offer an advantage is:
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Frontside/Backside IlluminationFrontside/Backside Illumination

( )AEPIAPOLY TT ee λλε // 1 −− −∝

T E
PI

( )AEPITe λε /1 −−∝

T E
PI

Fill factor < 1 Fill factor = 1

λA

0.2µm@400 nm
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Backside IlluminationBackside Illumination

This should be depleted – generally thin with
conventional processes

→ add a layer which can be used as an electrode

LBL CCD – S. Holland et al.
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CCDs are wonderfulCCDs are wonderful

But they are slow

ADC

� Parallel exposure
� Serial readout

� Vertical clock
� Horizontal clock
� External, high resolution ADC
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EasyEasy

Now it gets more difficult



P. Denes July ’06 I3

Increase ADC speedIncrease ADC speed

NV, NH = # H, V pixels
BV, BH = H, V binning
TV, TH = H, V shift time
Nport = # ports
TCONV = total conversion 

time including reset, 
summing well, …

ADCADC

ADCADC⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛

⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
++= CONV

portH

H
HH

V
V

V
f T

NB
NTB

B
TNT 1

2

top+bottom readout
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LimitationsLimitations

� Noise contribution from MR (reset switch) removed by CDS 
(correlated double sampling – measure VR and VR + VS)

� Noise contributions from MS (source follower) ↑ ~ √rate
� Ultimately limitations in charge transfer

Hϕ1 Hϕ2 Hϕ3

RST VDD

Out

FD

OSW OTG

VDD

MR

MS

kTC
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Add more portsAdd more ports

� Reset and output 
transistors need 
room

� Want to minimize CFD

� Need space for the 
output stage!

Hϕ1Hϕ2Hϕ3

RSTVDD

OSWOTG

VDD

FD

RST

Output
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One way to gain spaceOne way to gain space

MIT Lincoln Labs multi-port CCD
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For exampleFor example

� Fairchild 456
� 512 x 512 x 8.7 µm pixel (19% FF)
� Interline transfer / 32 ports
� 1000 fps = 250 MPix/s

� On-chip current sources for 3-stage 
output ⇒ 2.5 Watts

At some point, adding more ADC ports becomes a connection 
nightmare Æ integrated circuit solution needed.
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Fully column-parallelFully column-parallel

RAL et al.

� 1 ADC/column
� Bump bonding required
� No source-follower

� Example – developments for 
ILC Vertex Detector
� 50 MHz column readout
� 4-5 bits dynamic range

A
D

C

A
D

C
A

D
C

A
D

C

A
D

C

A
D

C

A
D

C

A
D

C
A

D
C

A
D

C

A
D

C

A
D

C
Custom IC
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� Speed increased by NPORTS

� NH large enough to 
minimize the number of 
ADCs needed

� NH small enough to ensure 
fast readout

� Wire bonding still possible

Solution chosen

A
D

C

A
D

C

A
D

C

A
D

C

A
D

C

A
D

C

A
D

C

A
D

C

(Almost) Column Parallel CCDs(Almost) Column Parallel CCDs

Problem
CCDs are the ubiquitous 
imagers for synchrotron 
radiation applications, but 
in many cases TINT< <TRO
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Prototype – 480 x 480 x 30 µm pixelsPrototype – 480 x 480 x 30 µm pixels

� Constant area 
taper

� 10 pixels/SR
� 300 µm output 

pitch
� Metal strapped
� Thick “LBL CCD”

LDRD LDRD
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fCRIC – CMOS 0.25 μmfCRIC – CMOS 0.25 μm

16xFE 16xADC Digital Control and I/F

LDRD
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All Mounted on a 6” Si SubstrateAll Mounted on a 6” Si Substrate

“Silicon is a good CTE match to silicon”

fCRICs

CCD
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Fast CCD Camera SpecificationsFast CCD Camera Specifications

Detection
CCD Well depth
Nominal rate
Sensitivity at nominal rate
FS at nominal rate
Noise at nominal rate

GdO2S:Tb phosphor – or – direct 
>106 e− (30 µm pixel)
400 fps (480 x 480, “zero integration”)
3.5 µV/e−

128k e−

<10 e−

Conversion gain fixed by CCD and integration time.  Larger
FS possible with shorter integration time. 
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Absorption in SiAbsorption in Si

From Janesick

Bandgap of Si at 300K = 1.1 eV
→ pure Si transparent for λ > 1.1 µm

Ignoring reflection …

Visible light or x-rays:
4-5 orders of magnitude
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Back-illumination preferredBack-illumination preferred
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1st x-ray images in LBNL CCD1st x-ray images in LBNL CCD

3,512 x 3,512 x 10.5µm pixel CCD
200 µm thick

Cu anode, 140K, 70 kHz

5 µm slit in semi-transparent
stainless steel

Spectrum of Row 1200
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x-rays in CCDsx-rays in CCDs

� Excellent spectroscopic resolution
� But only if not piled-up – low rate or fast readout
� Nγ,MAX = Well Depth / (Eγ /3.6 eV)

� <1000
� ⇒ 9-10 bit ADC OK

� Would really profit from high-speed readout as S/N is so high

25
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40
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50

400 500 600 700 800 900 1000

Eγ [eV]

FW
H

M
 [e

V]

Intrinsic resolution in Si
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650 µm thick CCD650 µm thick CCD

55Fe Kα and Kβ. Resolution ~ 126 eV at 5.6 keV

Be window
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pn-CCDpn-CCD

LBL CCD

pn-CCD (MPI, …)
(Gatti, Rehak, Struder …)
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ElectronsElectrons

Phosphor

Fiber-optic
Coupling

CCD
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EM DetectorEM Detector

300 keV, 1 mm

e−

semi-infinite slab of Si

R

R [µm] ~ E [keV]

300 keV e−

4 µm SiO2

8 µm 
active Si

40 µm

2 µm SiO
2 µm Al

2

Inactive Si

50 µm total

The Problem: The Solution:
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Optical Active PixelOptical Active Pixel

SiO2

Si
Active Area

Fill Factor = Active / Total area
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EM Active PixelEM Active Pixel

SiO2

Si

Fill Factor = 100%
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CMOS Imager

Noise limited – no cooling

PSF visibly < 10 µm

Image of Beam Stop (200 keV)Image of Beam Stop (200 keV)

Beam stop on 200CX Microscope at NCEM
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Monolithic Imagers for EMMonolithic Imagers for EM

� Single electron sensitivity 
(SNR 8.3 here, will improve with 
cooling)
� ~μm PSF
� High-speed readout (dynamics)
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Next step: 3k x 3k high-sensitivity (bio) chip



P. Denes July ’06 I3

Advantage over monolithic detectors: much more sophisticated
electronics per pixel

Hybrid Pixel DetectorsHybrid Pixel Detectors
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e.g. ATLAS Pixel Detectore.g. ATLAS Pixel Detector

100 mm wafer with 3 Si sensors

Readout ICs

18x160 pixels

Readout 50µm

Solder Bumps

A “module” is 1 sensor with
2x8 bump-bonded chips

ATLAS Pixel - 100Mpixels

1.3 m
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☺ and / of Hybrid Pixels☺ and / of Hybrid Pixels

� Interconnect – generally implies 
relatively large pixels

� Large pixels can have much 
more “intelligence”
� measure per event (e.g. E, t)
� complex functions (e.g. 

temporal autocorrelation)
� spectroscopy

� Large pixels make large pixel-
count detectors challenging (c.f. 
ATLAS pixel detector)
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Another kind of Hybrid PixelAnother kind of Hybrid Pixel

MCP

MCP – large electron multiplication gain

Readout
chip or
CCD (esp.
LBL CCD)

γ or e–
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For e– Maybe LBL CCD and no MCPFor e– Maybe LBL CCD and no MCP

Nikzad et al SPIE 97

“T
hi

n”
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Monolithic Hybrid Detectors?Monolithic Hybrid Detectors?

Monolithic
sensor+readout

on same substrate

Hybrid

How to make
this

look like
this?

Bump-bonding works, but is “R&D” for pitch < ~200 µm
and is best done “wafer scale”
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(Bulk) MOS Transistor(Bulk) MOS Transistor

p+ substrate

VG > VT

n+ n+

depletion
region

VD > VG - VT

− − −− − −− −−

Gate
 O

xid
e

Bulk

Saturation – VG > VT , VD > VG-VT

Channel L
Chan

nel 
W

TOX

G

COX

CDEPL
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Silicon-On-InsulatorSilicon-On-Insulator

n+ n+
− − −− − −− −−

Gate
 O

xid
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Buri
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G

COX

CDEPL

CBOX
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Advantages of SOIAdvantages of SOI

� Reduces substrate coupling
� higher speeds
� lower power

� Improves radiation hardness
� no latch-up through substrate
� complete di-electric isolation possible (with trench isolation)

Metal Interconnect

Metal Interconnect

IBM 0.18µ SOI CMOS

Polysilicon gate

For lowest power, want a high-resistivity substrate

Box
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“Artisanal” SOI Pixel“Artisanal” SOI Pixel

J.Marczewski European project SUCIMA 3

SOI Imager SOI Imager –– Main ConceptMain Concept

DetectorDetector ÆÆ handle waferhandle wafer
� High resistive
� 300 μm thick

ElectronicsElectronics ÆÆ device layer device layer 

�Low resistive

�1.5 μm thick
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Saved by the Watch?Saved by the Watch?

� Commercial SOI on high-
resistivity silicon 
(without contact)

� 0.15 µm CMOS
� Dream process?

� Almost – see next page
� KEK HEP group working on SOI 

pixels for particle tracking
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Modified Version of Oki 0.15 µm FD-SOIModified Version of Oki 0.15 µm FD-SOI

� 3 extra masks needed: (p+ and n+ implants and contact)
� Metal back-side contact
� “quasi commercial”

FD-SOI: this is the fully-depleted part
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Experience shows x ≈y≈z

Caveat emptorCaveat emptor
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Many Interesting Challenges – to be solvedMany Interesting Challenges – to be solved

Microsystems Lab
Systems Expertise

Unique IC skills

+ materials development (life after Si?)
+ …
+ (most important) user base

Then: “You push the button, we do the rest”

Now: “We do the rest, you push the button”

http://pxs.lbl.gov/doc/MSL/GIF/MicroSysLab.gif
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