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The Start of Digital Imaging
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Invented in 1969 at AT&T Bell Labs by Willard Boyle and
George E. Smith.

Originally working on memory - "Charge 'Bubble' Devices”,
can be used as a shift register and as a linear and area imaging
devices

CCDs are electronic devices, which work by converting light
into electronic charge in a silicon chip (IC). This charge is
digitised and stored as an image file on a computer.

In 2009, they were awarded 2
the Nobel Prize for Physics



The first Digital Camera from Kodak

using a Fairchild 100 x 100 CCD in 1975
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History

e 70s : Fairchild, 80s: Hitachi, Early 80s: Sony
1971 : FDA & CDS techniques are invented.
e Mid 1980s : Great success in the consumer market

* 1990: NHK/Olympus, amplified MOS Imager (AMI)
called CMOS Image Sensor later.

e 1993:JPL, CMOS active pixel sensor
e 1998: A single chip camera
e After 2005 : CMOS image sensor becomes dominant
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Area Image Sensor Applications
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160 million pixel (Seitz)
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Visible Light

Visible Light Region
of the Electromagnetic Spectrum

Infrared UltraViolet

* Photon Energy, E,,=hc/A

— at 400nm(violet) En=31eV
— at 600nm(yellow) E,n=2.0eV
— at 700nm(red) En=1.77eV

— at 1100nm(infra red) En=112¢eV

 photons in the visible range have enough energy to generate e-h pairs
for silicon (E,=1.124eV)
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Photoresponsibility
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Silicon Photo Sensor

Electron-hole paier is generated when £,,> £,

« The generated e-h pair will be recombined in short
time

 In the vicinity of P-N junction, electrons are captured

In N+ region ot s s s e e

X —absorbed
y - recombined

Overlying Material(s)
v

e-

Collection Region

e- f
Silicon Substrate
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Photo sensing in PN junction
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CCD Charge Transfer
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"Bucket brigade” analogy
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Exposure finished, buckets now contain samples of rain.




Conveyor belt starts turning and transfers buckets.
Rain collected on the vertical conveyor is tipped into buckets on the horizontal conveyor.

S/
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Vertical conveyor stops.
Horizontal conveyor starts up and tips each bucket in turn into the metering station.




After each bucket has been measured, the metering station is emptied, ready for the next
bucket load.




CMOS Imaging Device

e Passive Pixel Sensor

— 1 transistor per pixel %
— small pixel, large fill factor
— but slow, low SNR PDZE

* Active Pixel Sensor e
— 3-4 transistors per pixel 4'_[> T
— fast, higher SNR, but L Amp/'

PD/\“«_ _7
— larger pixel, lower fill factor —

— 3 Tr structure, 4 Tr structure,
photo gate structure
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Passive Pixel Sensor Structure
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Active Pixel Sensor Structures
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3-Tr Structure

- simple process

- high fill factor

- pixel reset noise
-low S/N

5-Tr Structure
-4-Tr +

|
_|
addressed readout L% l:

- full random access

- single CDS possible

- lowest fill factor
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4-Tr Structure

- process for low
shallow potential
photodiode

- low fill factor
- low dark level
- higher sensitivity

Photogate Structure

- simple process

- 4-Tr like operation

- signal charge shifting
by PG & TG pulse

- additional signal line

- low blue response



Analog-Digital Converter
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Single Channel ADC

- simple

- small area

- data rate limitation

- higher power consumption
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Dual Channel ADC

- separated gain for
each color component

- multi-port output or
merged into single port
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Column Parallel ADC

- simple & low speed ADC
- large area

- ADC mismatching

- lower power consumption



CCD Image Sensor  vs. CMOS Image Sensor

« Optimized photodetectors Integration

— high QE, low dark current — analog and digital circuits, e.g,
for clock generation, control, or

A/D conversion
Highly Programmable

« Very low noise
— no noise introduced during

shifting . . |
« Very low fixed pattern noise — windowing and panning
(nonuniformity) — fully random access of a pixel
— no FPN introduced by shifting 'n array

Low power consumption
— low voltage operation

— for CCD, entire array switching
all the time (high ¢ high V,
and high fresults in high C124

High frame rate possible

— no limitation in signal transfer
speed
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Post processing (Color Filter & Microlens)

CCD,CIS’s sensitivity is improved by Microlens

For color image, Color Filter Layer is implemented

Microlens Color Filter

Microlens
/—\/'\{

S N N .;:-:3:3:3:;:f:|COlorFilter
Photodiode \
[_/RED ][_/BLUE ]

GREEN ]

w/o Microlens w Microlens
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Micro Lens

Micro Lens

Color Filter

Shield Metal Layer

MOS Transistors

PD Area Silicon Substrate
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H-lens Comparison
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Color Filter
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Back-illuminated CMOS image sensor
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Back-illuminated Conventional
Cross sectional SEM photographs
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CCD Camera System Configuration

Lens CCD Video
= CDS A/D D/A
= Analog Mixed Mixed
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CIS Camera System Block Diagram

CMOS Image Sensor

 ——

Timing
Gen.
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*
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Temporal Noise (1)

e the (temporal) variation in pixel output values under uniform
illumination due to device noise, e.g., thermal and shot noise,
substrate noise, and supply voltage fluctuations

e itincreases with signal (photo current), but its effect is most
pronounced at low signal values (low illumination) - SNR
increases with signal

* temporal noise under dark conditions sets a fundamental limit
on the sensor dynamic range
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Temporal Noise (2)

Dark level & Dark shot noise

Integration time

X1 X4 X8 X16
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Temporal Noise (3)
10 % pixel random noise
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Temporal Noise (4)
25 % pixel random noise
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Fixed Pattern Noise (1)

* FPN (also called nonuniformity) is the spatial variation in pixel
output values under uniform illumination due to device and
interconnect parameter variations (mismatches) across the
sensor

* jtis fixed for a given sensor, but varies from sensor to sensor

* FPN consists of offset and gain components - increases with
illumination, but causes more degradation in image quality at
low illumination

* FPN for CCD image sensors appears random

* from column FPN, which appears as “stripes” in the image and
can result in significant image quality degradation
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Fixed Pattern Noise (2)
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Fixed Pattern Noise (3)
0.5 % column FPN
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Fixed Pattern Noise (4)
2 % column FPN
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Crosstalk

* Blooming
* Smearing

Metal shield

PD

Depletion
region

I Epi layer

J P+ substrate
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Defect

 Dark defect, White defect, Black defect, Saturation defect
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Motion Distortion

1s 1st row readout
2nd row readout
ohd row read 3rd row readout
3rd row readout % %
Final-1 row
readoutfinal row readout
) Flash Strop; '
e
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CMOS Image Sensors @ Yonsei

Prof. Youngcheol Chae

Electrical and Electronic Eng.
Yonsei University, Seoul, Korea
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CMOS Image Sensors

Readout Circuits, APS Pixels and Smart Sensors
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High Speed Image Sensor

Sample Image: 1200 fps

Col. Decoder
A RSD2BIN/ SRAM

CDS/ADC

ias Circuits
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Low Noise, high speed CMOS Image Sensor

ISSCC’ 10, JSSC'11
= 2Mpixel, 120fps, 1.9e-TRN, and 180mW CIS

» State-of-the-art noise and energy efficiency (3.5x)
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0.7e TRN CMOS Image Sensor
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ISSCC’ 12
= Sample image taken at 0.06-lux

» State-of-the-art Noise Performance (0.7e- TRN)

* The lowest noise CMOS image sensor !
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High-Speed Eye Tracker
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Smart 3D Range Finer

Ambient Light

White P.per/ Projection Head
/ Laser Source
Sheet Laser
»
B e -

...................................... !
i
:
Logic
Analyzer

= Light section based 3D imager.
= Smart pixel, Multiple sampling, -56dB worst case SBR.
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Current Research

* CMOS Image Sensors
— 3D Imaging

— Medical Imaging
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“There’s More To The Picture
Than Meets The Eye”

Neil Young in HeyHey,MyMy, 1978



