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CMOS imagers sensors are everywhere

2011

$12.0 T Sales —®—Units T 4,500
2.1B units ., ! 400
= T 3,500 &
5.88 US $ gs&o T T 3,000%’
'§ 1 T 2,500':53
T 60 T 2,000 £
201 6 (F) é $4.0 1 + 1,500 B
4B UnitS = $2.0 - 1 1'OOO§
500
10-8B US $ S0.0 T 1 1 1 1 } 0
03 04 06 08 09 10 11 12F 13F 14F 15F 16F
Humans on earth: 6.9 Year (F == forcast)
2007 2008 2009 2010 2011 2012 2013 2014 2015
B CCDsensors 235 215 195 185 180 175 165 149 138
BCMOS sensors 971 1194 1338 1501 1704 1939 2235 2520 2893
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iPhone 5
4.5 X 3.4 mm sensor.


http://dcurt.is/iphone-5-vs-5d-mark-iii
http://dcurt.is/iphone-5-vs-5d-mark-iii
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Cameras:
9% of the
$199 Bill of
Materials (BOM).

PN O

iPhoneSIhr - S OF >€PL, LU1L)
Comments

Components /
Hardware Elements

Camerals

-----

N\

p — =
Sony rear camera module Omnivision camera



2006: One year before iPhone
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CMOS Camera Sensor




Typical camera module
for the Micron MT9ML111

Fixed-focus lens.
No “optical” zoom.

0.27
inches
deep.

-
.
o -

@ 0.37 inch x 0.37 inch square

Source: www.asia-optical.com.tw



Micron MT9MI11* - 1.3 MPixel CMOS Imager

1280 x 1024 ﬂ.'.ll.....‘.—‘
pixels. ® Pixel size: 3.6 Um x 3.6 Um gg

Each pixel is
R, G, or B.
So, 2/3 of
RGB image
data is
interpolated.

* Photo a close

retative (MTomor) TR Y | ad l Y1111 |—+
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Camera interface to the outside world

Serial port fo
control the
camera.

Figure 4: 44-Ball iCSP Assignment
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Simple Power Hookup

1.7V-3.6V 2.8V
I/O Digital Core Digital 2.8V Analog
o o < X
g = S
= <
>
SADDR Dourt[7:0]
Two-Wire{ — SCLK FRAME VALID
Serial Interface | _| -
SDATA LINE_VALID
Master Clock —{ CLKIN PIXCLK
Power-on Reset — RESET#
STROBE
— OE#
¢ STANDBY
o
Ja} fa) a
=2 =2 =
O [} ]
[a) [a) <
Digital GND —é—

To CMOS
Camera Port

To Xenon or LED
Flash Driver

%}_Analog GND

8-bit Dout Port
54 MHz Clk

1280 x 1024
@ 15 fps

640 x 512
@ 30 fps

CrCh 4:2:2
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Functional Block Diagram

CLKIN —>:

STANDBY —

Sensor Core

1316H x 1048V including black
1/3-inch optical format

Auto black compensation
Programmable analog gain
Programmable exposure

Dual 10-bit ADCs

Low-power preview mode

H/W context switch to/from preview

Bayer RGB output

Control Bus

(Two-Wire Serial I/F Transactions) +
Sensor control (gains, shutter, etc.)

VDDQ/DGNDQ —>|

VDD/DGND —»=

VAA/AGND —»

VAAPIX —>:

Image Flow Processor

Camera Control

Auto exposure
Auto white balance
Flicker detect/avoid
Camera control:

snapshots, flash, video, clip)

Control Bus

Pixel Data - SRAM
Line Buffers
Control Bus
(Two-Wire Serial I/F
Transactions)

Y Y

(Two-Wire
Serial I/F
Trans.)

|l/mage Data

CS 250 L12: CMOS Imagers

Image Flow Processor
Colorpipe

Lens shading correction

Color interpolation

Filtered resize and zoom
Defect correction

Color correction

Gamma correction

Color conversion + formatting
Output FIFO

|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
| > DouT[7:0]
I
|
|

—+ PIXCLK

—:> FRAME_VALID

T LINE_VALID

——> STROBE
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Focusing the Camera



Focus: The Basics

Human eye

- O ptic nerve
/ /
./\ | ’1!
\/

Reting —".

Images are inverted on their way to the retina at the hack of the eye



Variable focus

' Relaxed muscle
/a' ——=— Taut ligaments

Y

A
% -~

Distant object

f Contracted muscle

2 ‘}'"., —=7 Slack ligaments
R
AN - S Y

Near object




Out of focus

Retinal
blur circle




Fixed
focus
camera
module.

CS 250 L12: CMOS Imagers

LAMIMATE SUBSTRATE

7 LENS MOUNT
CMOS CHIP /
&

IR0 LENS ELEMENT

2ND LENS ELEMENT
1ST LENS ELEM EI'-IT""'H

LENS BARREL ——

Camera Module Exploded View

@mkor
Technology
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Fixed-focus: What do we give up?

Camera is only in focus for objects within
the depth of field: other objects are blurry.
-<—Depth of Field —

\*

However, we can set the “far” boundary
Q( to “infinity”. Fixed-focus cameras do.

250 L12: CMOS Imagers UC Regents Fall 2012 © UCB




B'e"do M . ,. Bl <

a ﬁxed-Focdf‘ camera.

4 %

4






Auto-Focus Module in iPhone 5

“Voice Coil”
solenoid
moves lens
element.




Coming soon: MEMS auto-focus

MEMS Autofocus Module



Silicon Photosensitivity



Zooming in on the array ...

One Pixel

Pixel
Photosensor

Q CS 250 L12: CMOS Imagers UC Regents Fall 2012 © UCB



Each sensor is a photodiode

Side view: P |
Metal shield~ hv ~ Metal shield
] ]
\\ZS Readout «——{NNumeenion
eirevits
1 go here p-

- —

Top view:

CS 250 L12: CMOS Imagers UC Regents Fall 2012 © UCB



Photodiode: Like a normal diode ...

\\iz\v
L

<:;——____
'€C NVl € L.

gs @y

"Dark current”
When no photons
are present.
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Quadrant for photosensing.
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Photodiodes see a gray world ...

0.12 ; ; ' i T

0.11

Data shown is
for a standard 01

0.350 CMOS | 42% of photons '
logic process. 2 oo that fall on the “

§ oo photodiode are '
Quantum g 0.06 | converted to electrons :

efficiency can be ("quantum efficiency”)
improved by

modifying the

0.05

0.04

0.03

Pro cess. 400 450 500 550 600 650 700 750 800
Wavelength (nm)

Source: “A 640 512 CMOS Image Sensor with Ultrawide Dynamic Range Floating-Point Pixel-Level ADC”,
David X. D. Yang, Abbas El Gamal, Boyd Fowler, and Hui Tian, JSSC, Dec 1999.
CS 250 L12: CMOS Imagers

UC Regents Fall 2012 © UCB



Color

CS 250 L12: CMOS Imagers UC Regents Fall 2012 © UCB
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Why?
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Micron MTO9M111 spectral response ...

1.4
1.2
1.0
> 08

0.6

Relative Response

0.4

0.2

0.0

Relative Spectral Response

M\ - e
/\/ /A\ x)(/ V\\/\ B
s /«//A\
[ I\] Al \\
set T

Wavelength (nm)

Note IR response. This is

lL- why camera wmodule
needs an IR filter




Array border cells aid calibration ...

(0, 0)
8 Black Rows

SXGA (1,280 x 1,024)
+ 4-pixel boundary for

color correction
+ additional active column 26 Black Columns
+ additional active row
= 1,289 x 1,033 active pixels

1 Black Column

7 Black Rows
(1315, 1047)

Black pixels have photodiodes covered by metal.

CS 250 L12: CMOS Imagers UC Regents Fall 2012 © UCB



Microlenses

CS 250 L12: CMOS Imagers UC Regents Fall 2012 © UCB



HTC One X Galaxy S |l



Recall: Side view of a photodiode ...

hv hv
Photons LL\’\\ hv Lh"\\

that reflect -

off metal [ Roadout [ NNNNNRIIN
shielding eircvits TS
are lost. 90 here P-

: If there was a way to sense the
: photons that bounce off the metal, :
: low-light photos would look better. :

CS 250 L12: CMOS Imagers UC Regents Fall 2012 © UCB
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Source: www.bioschool.co.uk, BBC



Lenslet (Microlens)

Microlens
Aluminum

| Metal
—— Shield —

Photodiode Photodiode

Incident Incident
Photons Photons

. Exg(;::re

Filter
Pattern

Photodiode Photodiode

~Metal
Light

Silicon Shield

Substrate
Source: http://micro.magnet.fsu.edu/

Photodiodes
. UC Regents Fall 2012 © UCB
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Pixel Scaling

CS 250 L12: CMOS Imagers UC Regents Fall 2012 © UCB



The MegaPixel race ...

100
S
= .
@
N
n
o 10 -
X
2 1.4um
o 8MP
pd
3 1F
o
o
c
=
o
- ITRS Roadmap i =

0.1 | | | | | |

‘92 ‘94 ‘96 ‘08 ‘00 ‘02 ‘04 ‘06 ‘08 ,
Year 12
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Resolution limit of lens technology ...

20

18 +

w6+ S Cheap Lens Resolution
ad (30 Ip/mm)

F/11

Size (microns)
o

N
]
1

Airy Disk Diameter
D=244 )\ F#

F/2.8

High Performance Lens Resolution

I (120 Ip/mm)

400 500 600

CS 250 L12: CMOS Imagers

700 800 900 1000 1100

Wavelength (nm)

1/3-inch

"Airy Disk”

UC Regents Fall 2012 © UCB



Why more pixels are not always better

Detector

pixel
array

5um | | pixel

5um pixels match the optical resolving power of
practical camera optical systems (1997, Fossum).
2012 figure may be smaller:

Shrinking pixels beyond limit does not add resolution.

Larger die sizes are the path to higher resolution.

CS 250 L12: CMOS Imagers UC Regents Fall 2012 © UCB



Sensor size: Pro camera vs iPhone 5

35mm full-frame
Canon 5D Mark III 36 x 24 mm sensor.

APS-H

1/3-inch
iPhone 5

(approx.)

Q CS 250 L12: CMOS Imagers UC Regents Fall 2012 © UCB



http://dcurt.is/iphone-5-vs-5d-mark-iii
http://dcurt.is/iphone-5-vs-5d-mark-iii

Megapixels: Benefits other than resolution

Small pixels
supersample
color space.
Color interpolation
improves.

Process scaling helps imager arrays in another way ...

Q CS 250 L12: CMOS Imagers UC Regents Fall 2012 © UCB



Recall: Photodiode design ...

hv hv
hv

]
Readout | Nuuunann:
eircvits Tt
go here p-
Pho’rodlode
: area :
: Fill factor =
: Pixel
area

EAs process shrinks, readout circuits :
§shrink and diode grows. So, fill Fac’roré

CS 250 L12: CMOS Imager UC Regents Fall 2012 © UCB



Readout Circuits



Three-Transistor Active Pixel Cell

Step 1: Fill Cq, and
sense column current.

Reset —@ Vi
Row Sel O Vi

LT S

v
Q% (H_Cd I_ ’ \}‘K J_c

_—7':T |(Qf)I_ _;7" !

Edge circuitry samples gag?m 1o Column

current | (Q¢) capacitance.
for later use.

Sense

CS 250 L12: CMOS Imagers UC Regents Fall 2012 © UCB



Opening the electronic shutter ...

Step 2: “Electronic shutter”
opens, photodiode empties Cq.

Reset —¢@ Gnd
Row Sel O Gnd
\}‘Zk +0a I_
1 O
Too much [Qq(t), and we =
oty ket e N\ Liits iy cor
' range and Sense

Not enough [Qq(t), and we / signal-to-noise.
capture temporal noise.

CS 250 L12: CMOS Imagers UC Regents Fall 2012 © UCB



Close shutter, read pixel value ...

Step 3: Sense how
empty Cq4 has become.

Reset —g@ Gnd
Row Sel O Vid

| Q- ( Qitt))

M Column

Use I(Qf) from start . Sense

of the cycle to reduce “Correlated double sampling”
KTC (reset) noise. Temporal noise affects Qf value.

CS 250 L12: CMOS Imagers UC Regents Fall 2012 © UCB



Readout: Column-parallel ADCs ...

#74

: "

o - N : - l:

c c c A -

£ £ £ r E N

= = = 3

o o o : o !

(& (& o " (&) I

-------- !

1
- E E E ) b G a A .--.

V HE
ramp g=te=dao,
D/A ramp -t -t - ¢ NS

\
generator \ 7
\ '4
A Y/
1
10F '
7 romtee
’;0 7 7‘: Fe
mem 0 mem 1 memO| I memi |
' 1 10
counter 7~ e S
clock

Figure 7. Basic architecture of a column-parallel, single-slope
analog-to-digital converter.

CS 250 L12: CMOS Imagers
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Camera Shutter: Space-Time Sampling

i%-
Time Time
Rolling Shutter (CMOS) Global Shutter (CCD)

Image Rows

Image Rows




Global
shutter.
Fan in
motion.




Rolling
shutter.




Solution: Add “analog memory” .

Does not come

For Free. RST_”: SAMPLE1 SAMPLE?2
x| R L L
=

e T

Reduces fill

VDD

factor, adds A 45 T T
edge circuit ] |

Com P I€Xi1-y. Sample2 _|

RST _\ | -----

PC |

X | |

Mechanical
shutters are ‘ Fo1

more popular.

Backside illuminated global shutter CMOS image sensors
Guy Meynants, Jan Bogaerts, Xinyang Wang, Guido Vanhorebeek
CS 250 L12: CMOS Imagers CMOSIS nv, Coveliersstraat 15, 2600 Antwerp, Belgium

ROT
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Break

CS 250 L12: CMOS Imagers UC Regents Fall 2012 © UCB



Fabrication Technology
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N-epi

highly doped/
undoped

N-well in P-epi layer Highly doped NBL










Back-Side lllumination
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Bias Ring HV Ring

i

n+ \

Si Sensor
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Substrate)
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Si carrier wafer

Al
bond bond
pad pad wafer bond
| /window }

- — 1
'Au ball bond thin 51 image sensor substrate




#"Au ball bond

Au stud bond




Wafer-Scale Packaging



Fixed
focus
camera
module.

iy 'r‘i_
o/ H AR .
(AT

H 10l
Huun
{ 33

CS 250 L12: CMOS Imagers

LAMIMATE SUBSTRATE

7 LENS MOUNT
CMOS CHIP /
&

IR0 LENS ELEMENT

2ND LENS ELEMENT
1ST LENS ELEM EI'-IT""'H

LENS BARREL ——

Camera Module Exploded View

@mkor
Technology
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Glass wafer #1
with IR filter

Glass
wafer #2
with lens #1
and aperture

Glass
wafer #3
(Spacer)

Glass
wafer #4
with lens #2

Glass
wafer #5
Carrier wafer)

CIS

Solder ball

OmniVision OVM7692 cross-section
(Courtesy of System Plus Consulting)
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100%

90% Camera Module
OmASion.

80%
70%

Wafer-_level
60% ::":':i
50%
40%

Wafer-level
30% CMOS Image Packaging

Sensor g) )

20%
10%

0%






evolution of the mobile phone camera

OV /680 VGA
Circa 2006
¢ v
OV /660 VGA 4.9x%4.5x3mn
Circa 2004

Ex6X5mm ‘
=
N

.z I.'

OvV/670 VGA

Circa 2005

Oxbx4mm

gt

reflowable
2 surface lens
made at wafer level

OV 7640 VGA reflowable
AxBx6mm 1 glass element
glued onto CSP

2002 2005

2008



Camera Modules ...
élé Design shown is “dominant paradigm”™.
élé Evolves with every product generation.

Some research projects and start-ups
focus on the evolution.

% Others shoot for “revolutionary jump”

0 L12: CMOS Imagers UC Regents Fall 2012 © UCB
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