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@ ENGINEERING CMOS Image Sensors
AT DARTMOUTH Ao
Enable Billions of Cameras
Each Year
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@ ENGINEERING — Many kinds of digital cameras

Photography
= Camera phone
= Digital single lens reflex (DSLR)
= Mirrorless and Point-and-shoot

Video L
= TV (0.3Mpix), HDTV (2Mpix) UDTV (133Mpixel)
= Webcam
= High speed — slow motion
= Motion capture
= Glass
= Body cam
Medical

= Endoscopy

= Pill camera

= Dental X-rays
Machine Vision

= Automotive

=  Security =

= Inspection
3D ranging

= Gesture control 3= 11 '
Etc. C3tMesy E:
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AT DARTMOUT
Oth Generation Image Sensor

’, ‘t ~June 1966 u ‘
: lN d — |

Peter JW Noble

@ ENGTINEBERIN G MOS “Photomatrices”

The 64 by 64 array

and a 1024 linear array

First self-scanned =
Sensor 10x10 1966/678

Mid-late 1960’s

MQOS arrays at Plessey
with startup Integrated

Photomatrix Ltd. (IPL)

Gene Weckler » And Fairchild with startup Reticon

© E.R. Fossum 2017
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Charge-Coupled Device
1t Generation Image Sensor

MOS-based charge-coupled devices (CCDs) shift charge one step at a
time to a common output amplifier (1969 Bell Labs)

20% fill factor
boosted to 60%
with microlens

Parallel vertical shift registers

¥ ¥ ¥ ¥ ¥ ¥ ¥ ¥ ¥ ¥ ¥

~

HEEE = o

Horizontal shift register Amp

© E.R. Fossum 2017
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Figure 4. Original notes from the Boyle and Smith’s brainstorm meeting
on September 8 1969, when they made the first sketch of a CCD.

A \
3
W » X
w N
S > T ] . N
i \
i R 1
.\ A &
1 i
1 e i
BN
G | H ) & i
1% {1 A | {
i 2 jom

2009 Nobel Prize in Physics

"“for the invention of an imaging
semiconductor circuit —
the CCD sensor"

CCD image sensor inventor:
Michael F. Tompsett
US patent no. 4,085,456
National Medal of Technology
and Innovation 2010

© E.R. Fossum 2017


http://www.nobelprize.org/nobel_prizes/physics/laureates/2009/popular-physicsprize2009.pdf

@ ENGINEERING NASA/JPL — Caltech 1990s

AT PARTMOUTH Cassini ISS has CCD cameras

Mass: 57.83 kg
Power (avg): 30.0 W
CCD: 1024x1024 pixels

December 18, 2012

© E.R. Fossum 2017
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~1992 NASA’'s Administrator Daniel Goldin
“Faster, Better, Cheaper”

v

Need to Miniaturize Cameras
On Future Spacecraft to reduce mass, power, cost

 Electronics integration is well-worn path to miniaturization, and MOS-
based image sensors predate CCDs (e.g. Peter Noble or Gene Weckler
late 1960’s) including passive pixel and active pixel (3T) configurations.

« BUT MOS image quality is quite poor compared to CCDs due to
temporal noise, fixed pattern noise and other artifacts.

« How to make a high performance image sensor in a mainstream CMOS
process?

_10_ © E.R. Fossum 2017
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« Complete charge transfer to suppress lag One

» Correlated double-sampling to suppress kTC noise
* Double-delta sampling to suppress fixed pattern noise

pixel

« On-chip ADC, timing and control, etc.

_11_ © E.R. Fossum 2017



@ ENGINEERING Photons to Electrons
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/8 @ Higher enerqy
hv b | g photon gets
Si\ Sl g absorbed sooner
N
S N 3
er SHFN©
Si Si
1500 2000 2500
Covalently bonded silicon Depth (nm)
P+ N

Pinned photodiode (PPD)

-12- N. Teranishi et al.1982 for ILT CCD

© E.R. Fossum 2017
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|deal device with no residual barrier Barriers lead to lag and noise

_13_ © E.R. Fossum 2017



@ ENGINEERING CMOS Pinned Photodiode Pixel

AT DARTMOUTH

RST

TG —| SF
PY pPD | FD I—| |
T

“AT architecture”

SEL
Correlated
coL double sampling

BUS
RSTTG

SIG

V(1)

AV = Qs16/Crp

-14- E.R. Fossum and D. Hondongwa, A review of the pinned photodiode for CCD and CMOS image sensors, I[EEE J. © E-R. Fossum 2017
Electron Devices Society, vol 2(3) pp. 33-43 May 2014.
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CMOS “Camera on a Chip”
2nd Generation Image Sensor

Read pixel signals out thru switches and wires

Row select logic
chooses which row 2 2 2

IS selected for

readout. \

L

Timing and control
logic controls the

Row Select

timing of the whole

/

Sensor \

naI Proc

Timing

<1 —— Photodetector converts

photons to electrons

Amplifier converts
electrons to voltage
after intrapixel complete
charge transfer

Analog signal processor
suppresses noise and
further amplifies signal

SoC And A/D A/D . Analog-to-digital converters
functionality Control (ADC) convert signals from
volts to bits (usually 10-12

for color Logic

processing, 8 Column Mux
compression,

etc. —— Digital Signal Proc.

-15-

bits resolution) in parallel

Column multiplexer used to
scan ADC outputs

© E.R. Fossum 2017
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Enables Much Smaller Cameras

CMOS Active Pixel Sensor Siimpel
With Intra-Pixel Charge Transfer AF camera
Camera-on-a-chip module
2007

© E.R. Fossum 2017
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-17- Missing: Sabrina Kemeny, Junichi Nakamura, Sunetra Mendis © E.R. Fossum 2017
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LIV LN I Technology Transfer

Entrenched industry moves slowly in adopting new
technologies so in February 1995 we founded Photobit

Corporation to commercialize the CMOS image sensor
technology ourselves

.ﬁ;\ "x“‘

S.Kemeny, N. Doudoumopoulos, E. Fossum, R. Nixon

© E.R. Fossum 2017
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Science & Technology

INVENTIONS

NASA'S TINY GAMERA
HAS A WIDE-ANGLE FUTURE

It may still be in the lab,
but the latest advance in
capturing images has very
bright prospects, indeed

camera-on-a-chip.
camera makers

one-chip camy (e A NEw s | | : 1 Light falls onto tiny PIXELS
X the components necessary ¢ | : N . { SR
I.o take a snapshot or make a movie. il R KINn oF T 3 | and is converted into
/ith all the smarts on one chip instead N . ; . I < . 1 electrons stored in wells

ofrs.cv'emAl. de‘\xi 1 ! 4 M LT .‘ ; ; ELEGT“O"IB - ! t g‘ = : ] _ 5 called capacitors.

to o : } | i J s e | -
thing from dolls Uhat ‘s ]' | | [ | det\ 2 EYE T ; 2 Each pixel has its own
€] Tas thal \\Il\l( elp drivers Wil -‘ Ll ¥ N & Wy
; § Yo / feees  AMPLIFIER. In contrast, CCDs
NASA's Jet 1 i g - use a lot of power to drag
clectrons in a bucket brigade
that ends at a single amplifier.

| Propulsion
Laboratory is
eveloping an _ ) : ]
active pixel : it i 3 The amplifiers will be
sensor” for - 1k ! switched on and off by TiMING
smaller, cheaper TR TS il i AND CONTROL CIRCUITRY

that’s right on the chip. In
ordinary CCDs, those
functions are on other chips.

nsor rivals

Jet Prrpnlimn Laboratory at Cali cost much less than kA8 r 5 : 1
Inkthute of :na. | incorporate all manner of eloes on- y at JPL. the onventional

GstaLae PR S Uatee CR [USE R S e (charye coupled el il T : | 4 Voltages from the pixels go
devices, or CCDs t : { g through an ANALOG-TO-DIGITAL
Here’s how it works: NENG CONVERTER. CCDs require
Ol JET PROPULSION LABORATORY ! ‘ : separate converter chips.

19- March 6, 1995 Business Week article ¢ er. rossum 2017
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1995-2001 Photobit grows to about 135 persons

« Self funded with custom-design contracts from
private industry

« Important support from SBIR programs (NASA/DoD)

« Later, iInvestment from strategic business partners to
develop catalog products

« Over 100 new patent applications filed

Nov 2001 Photobit acquired by Micron Technology



http://www.funadvice.com/cam/webcam.jpg

1867 THAYER SCHOOL OF

A SO OF The Technology Develops
AT DARTMOUTH a Life of its Own

Today, over 4 billion cameras are manufactured each year that use the
CMOS image sensor technology we invented at JPL, or more than 120
cameras per second, 24/365.

Semiconductor sales of CMOS image sensors were over $10B/yr in 2016.
Thousands of engineers working on this around the globe.

Caltech has successfully enforced its patents against all the major players.
NASA is now just adopting the technology for use in space.

16Mpix camera modules Endoscopy Camera
From Sony ~2012 From Awaiba ~2012

_21_ © E.R. Fossum 2017
http://image-sensors-world.blogspot.com/2016/01/camera-module-industry-report.html



@ ENGINEERING 2017 Queen Elizabeth Prize
AT DARTMOUTH 1 i
for Engineering

CMOS CCD Pinned CCD
Image sensor photodiode Image sensor

Eric Fossum George Smith Nobukazu Teranishi Michael Tompsett

“for the creation of
digital Image sensors”

sl Royal Academy of Engineering, London, UK

© E.R. Fossum 2017
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“1.35T architecture”

Fig. 9. S-way shared readout 1.35T pixel schematic.

Sony 1.4 um BSI pixel

"23- M. Guidash, Kodak, US6352869 B1 © % Fossum 2087
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CMOS Image Sensors

- Color filter
“Backside” = | -
F

Thinned silicon
detection layer ===
3-5um

ry
/"li
-
=

@
=

e
.
S

e
-
=

“Frontside” =l

9/6/2013 HV mag (] ok WO ER—

| 1:17:08PM  3000kv 50000x 0° 55mm

-24- Samsung ISOCELL ISSCC 2013 © E.R. Fossum 2017



@ ENCINEERING Stacked BSI CIS
AT DARTMOUTH Using Wafer Bonding

L LI SSE S S W, WU —"
Detector _|
Layer Newly developed
A Stacked BI-CIS
E:l:n.:l:l::ll:llll:l:l:ll .l Akn l.l ll;:l ‘.t.l LL} -n!nr:n lli:ll}
Wafer
Bonding U
Connection C,rcu,t
Circuit o
-l
Layer

Sony 2017 ISSCC

R e e e

—

o5 Sony IMX260 dual pixel AF sensor from Samsung S7 teardown © E.R. Fossum 2017
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K% | Rapid Social Change
- \~ ey (Arab Spring)

Selfies and Instant
Communications

Visual overload _ _
5 (e.g. Japanese Tsunami) Security v. Privacy

Inappropriate use

© E.R. Fossum 2017
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Main Story
QUANTA IMAGE SENSOR

© E.R. Fossum 2017
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“Count Every Photon”

= QOriginal goal for QIS was to take advantage of shrinking pixel size
and make a very tiny, specialized pixel (“jot”) which could sense a
single photoelectron.

= Jots would be readout by scanning at a high frame rate to avoid
likelihood of multiple hits in the same jot and loss of accurate
counting.

" |mage pixels could be created by combining jot data over a local
spatial and temporal region using image processing.

Vision: A billion jots readout at 1000 fps
with single photon counting capability
(1Tb/s) and consuming less than a watt.

E.R. Fossum,
-28- Proc. Of the 2005 IEEE Workshop on Charge-Coupled Devices and Advanced Image Sensors, Karuizawa, Japan, June 2005 © E.R. Fossum 2017


http://ericfossum.com/Publications/Papers/2005 Program What to Do with Sub-Diffraction Limit (SDL) Pixels.pdf

AT DARTMOUTH

@ ENGINEERING Paradigm Shift

Measuring Rainfall Counting Raindrops

) = i = = | | = hovor] = A
U8oug§8gu8coug
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g8U8§088§08U0T
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CCD and CMOS Image Sensors Quanta Image Sensor

_29_ © E.R. Fossum 2017
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reconstruction

example 16x16x8 “cubicle”

Cubicle 0<S <2048

R. Zizza, Jots to Pixels: Image Formation Options for the Quanta Image Sensor, (Dartmouth, 2015)
© E.R. Fossum 2017
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" Photon emission is a Poisson process. Stream of photons is
NOT regularly spaced.

he i
e &

» |eads to variability when trying to determine average
photon arrival rate. Gets better with longer
measurement (more photons).

«— AT —

_31_ © E.R. Fossum 2017



=2 ENGINEERING Photon and photoelectron arrival rate
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described by Poisson process

Define quanta exposure H = (I) T H =1 means expect 1 arrival on average.

Monte Carlo

Probability of k arrivals
e H H¥
k!

2
[}
2
-
-
<
L
=]
o
=

Plk] =

For jot, only two states of interest

B rlo]=c"
N P[k>0]=1-P[0]=1—¢"H
For ensemble of M jots, the expected numberof 1's: M; = M - P[k > 0]

© E.R. Fossum 2017
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(scaled)
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0.12e- rms read noise
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0.25e- rms read noise
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ENGINEERING  Probability Distribution for Various
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Levels of Read Noise

e
y

Poisson Distribution
0.12e-rms

0.15e- rms

0.25e- rms
0.35e-rms

1.0e- rms

ty
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'm THAYER SCHOOL OF ° °
&) ENGINEERING Single-bit QIS

Poisson Distribution
0.12e-rms

0.15e- rms

0.25e- rms
0.35e-rms

1.0e- rms

+_—_.._—_—_—-_—_—-_-

*_—_-_-_—_—.._—_—_—-____-__

Probability Density

2 3 4 35
Voltage/CG = Electron Number

i
[

© E.R. Fossum 2017




ENGINEERING Bit Error Rate (BER) vs.
"—;_-,-4 AT DARTMOUTH .
Read Noise

Single-Bit QIS BER

0.1

0.01

o
L
=a]
©
°
s

0.001

0.0001 //
0.00001 /

01 015 02 025 03 035 04 045 0.5
Read Noise (e- rms)

© E.R. Fossum 2017
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-39-

Bit Density (D)

. . Ml —H
Bit Density D £ o L —

Overexposure
latitude

Quanta Exposure (H)

Photoresponse in Bit Density

© E.R. Fossum 2017
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QISD-logH

| Overexposure

Density (D)

lllumination

Exposure (H)

Bit Density vs. Exposure

_40_ © E.R. Fossum 2017
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ENGINEERING Responds to Light Like Film
AT DARTMOUTH

QISD-logH Film D —log H

Diagram No 9
Curves Calculated
¢ Experimental Ewndence

| Overexposure

Density (D)

lllumination

Exposure (H)

Bit Density vs. Exposure Film Density vs. Exposure
1890 Hurter and Driffield

_41_ © E.R. Fossum 2017



@ ENGINEERING QIS implementation requires
AT DARTMOUTH . . -
Devices, Circuits, and System

Strawman numbers

= <500 nm jot pitch

= Gigajot QIS (10° jots)

= 1000 fps

= 1 Tb/s data rate

= 1 Watt or less (<1pJ/b)

_42_ © E.R. Fossum 2017
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L-R: Song Chen, Saleh Masoodian, Rachel Zizza, Donald Hondongwa,
Dakota Starkey, Eric Fossum, Jiaju Ma, Leo Anzagira
New: Wei Deng

© E.R. Fossum 2017
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General targets:

200 nm device in 22 nm process node (“10L")
0.15e- rms read noise or less

High conversion gain > 1 mV/e- (per
photoelectron)

Low active pixel transistor noise <150 uV rms
Small storage well capacity ~1-100 e-
Complete reset for low noise

Low dark current ~ 1 e-/s

Not too difficult to fabricate in CIS line

Candidate devices

Single photon avalanche detector (SPAD)
Single electron FET
Bipolar jot

Pump gate jot

_44-

JFET jot

© E.R. Fossum 2017
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Patential{V)

[ [E]
|

B0

1st gen fabricated in TSMC
65nm BSI CIS with implant
adjustments, 1.4um pitch,
32x32 jot arrays

2"d gen fabricated TSMC
45/65nm stacked BSI CIS,
1.1um pitch, shared readout
1024x1024 jot arrays

_45- Ma and Fossum
2014 IEDM, 2015 JEDS, 2015 EDL

Pump-Gate Jot with Distal FD

Electrostatic Potential(V)

© E.R. Fossum 2017
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ENGINEERING Recall our
Poisson Probability Mass Function

Broadened by Read Noise

Fod
=
n
c
"]
o
s
=
£
©
£
=]
S
o

2
Voltage/CG = Electron Number

Model
0.20e- rms read noise, H=2.0

_46_ © E.R. Fossum 2017



;% LR BEHO0 O Experimental Data

AT DARTMOUTH Photon Counting Histograms

20k reads of same jot, 0.175e- rms read noise ~21DN/e- (61.2uV rms 350uV/e- or 0.45fF)
Room temperature, no avalanche, 20 CMS cycles, jot:TPG PTR BC

3 4 5 6 7 8 9 10 - 2 3 4 5 6 7
Photoelectron Number Photoelectron Number

H=3.24 |

2 3 4 5 6 7 8 - 2 3 4 5 6 7 8
Photoelectron Number Photoelectron Number

© E.R. Fossum 2017

Ma, Masoodian, Wang, Fossum 2017



1867 THAYER SCHOOL OF

ENGINEERING Dark Current
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256x64 TPG SC jots 100 frames
R00m Tem p ~O . 166-/5 an . (~2 pAlcmZ) Integration time=1 .2_Bsec
. Quanta exposure H=0.22e-
Previously measured ~2x every 10C Room temperature

Storage well isolated from surface

.............:llllln“ “ ||||||||||||||I|||II||||||||||||n......._._....-..____. |
2 -1 1 2

0
Dark Signal (e-

256x64 TPG SC jots :
Average—O 162e-/sec/pix .

Pixel Count
=9
[4,]
[=]
(=]

-
(=
(=
(=]

7 7 @ Peak=0.1e-/sec/pix
FRE U OO - I Room temperature o
TG OFF |I.|| | | ,
0 ‘.-_-———_i_L ! i ‘ 1 i 1 i 1 T

0 02 04 14 16 1.8 2
Dark Current (e Iseclp:x)

-48- © E.R. Fossum 2017
Ma, Masoodian, Wang, Fossum 2017
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LED OFF

TG ON=2.5V

TG OFF=-0.7V
TG ON 1usec

TG-FD 0.12um

e
1
-
™
-
L
&
o
—_
o
>
<

b

Frame#

5

Ma, Anzagira and Fossum IEEE JEDS 4(2) 2016 © E.R. Fossum 2017
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18
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1000

0.4aF

RTS and Single Electron Integration
Steps

ADC Rate: 1M Samples/sec
Low Pass Filter Gamma: 0.1
PGA Gain: 24x

Conversion Gain: ~410uV/e-
CDS Read Noise: ~0.28e-r.m.s.

Original Data
~—Filtered Data
1500 2000 2500 3000 3500 4000 4500 5000
Time(usec)

ST

-50-

{>_

No avalanche multiplication
© E.R. Fossum 2017



ENGINEERING Bit Density v. Log Exposure
‘-:-___,-ﬁ AT DARTMOUTH
(D log H)

Read Noise 0.26e- Theory

Read Noise 0.24e- Theory

Read Noise 0.22e- Theory
® Experimental Data

Diagram No 9
Curves Calculated
® Experimental Ewndence

=
0
=
Q
(]
P
m

- . N : R Film Density vs. Exposure
10” 10° 1890 Hurter and Driffield
Quanta Exposure (e-)

QIS Experimental Data
2017 J. Ma et al., unpublished © E.R. Fossum 2017




'm THAYER SCHOOL OF °

&) ENGINEERING Read Noise and

<Y AT DARTMOUTH .
Photon-Counting Error

- Read Noise 0.26e- Theory
Read Noise 0.24e- Theory
Read Noise 0.22e- Theory

——Read Noise 0.17e- Theory

- Read Noise 0.15e- Theory

e Experimental Data 16k Jots
¢ Experimental Data Single Jot

>
=
(/)]
S 1n-1
D10
=
m

10° 10"
Quanta Exposure (e-

© E.R. Fossum 2017
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THAYER SCHOOL OF

ENGINEERING
AT DARTMOUTH

lot metals

Row scanner

-53-

Stacked QIS with
Cluster-Parallel Readout

Micro-lenses and
— color filter array

Photo-detector layer

Jot substrate

Readout circuit

» — substrate

Image processing
substrate

\- Secondary image
processing circuits

>10x reduction in
power due to lower
capacitance and
slower operation

Fossum and
Masoodian 2015

© E.R. Fossum 2017



AT DARTMOUTH

@ ENGINEERING Stacked BSI QIS in Test

Designed and tested at Dartmouth

Implemented in TSMC foundry @ Las)
—

* 65nm readout chip - P "
« 45nm detector layer 3 . — ¥ oo “
« 1.1um jot pitch \\\ T -
« CFA and microlenses Y e © T
« 20 1Mijot arrays R\ o
. 1024x1024 jots/array ) <
* Analog output arrays with on-chip PGA = = e | 105 o

«  8x8x(128x128jot) analog clusters o el | - N
« 1b QIS output arrays | sal o

+ 16x16x(64x64jot) digital clusters ,®

« MOSFET-type readout
» JFET-type readout |
* Punchthru reset readout Ca—

&"M«;j;«* 230N é <5<1>-’<»<><5 X Q

000000 '<>‘¢~¢'<>f<>:<*<;rf¢'<:¢‘—§f‘~< 7 g’j’ a5
Jot device design: Jiaju Ma fﬁﬁjff?jﬁ"o T gfgff% e b
Readout design: Saleh Masoodian & Dakota 0666666068888600]c 11
Starkey

_54_ © E.R. Fossum 2017



e e N First 1Mjot QIS
AT DARTMOUTH

Target scene  1Mjot binary field @1040fps

Specs & Measured Data
45nm (jot layer), 65nm
1.8V & 2.5V (Analog,

VDD digital and array), 3V &
2.2V (1/O pads
BSI Tapered Pump

Jot pitch
BSI Fill Factor ~100%

Quantum Efficiency To be mezsat:]rgd, visible

32 (output pins) x
Output data rate 34Mb/s
= 1090Mb/s

Power

1/O pads
17.6mW

FOM ADC 6.9pJ/b

8x8x8 cubicle sum Purdue* reconstruction
© E.R. Fossum 2017
Masoodian, Starkey, Yamashita, Fossum 2017  *courtesy of Prof. Stanley Chan



=] ENGINEERING QIS implementation requires

AT DARTMOUTH . . -
Devices, Circuits, and System

Vision: A billion jots readout at
1000 fps with single photon
counting capability (1Tb/s) and
consuming less than a watt.

© E.R. Fossum 2017
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@ ENGINEERING Quanta Image Sensor:
AT DARTMOUTH . _
Applications for Photon Counting

= Cinematography and Photography
= Gigajot sensors — billions and billions of pixels
= Computational imaging

= Scientific sensors for ultra-low light imaging
= Astronomical searches for another Earth
= Neuroscience microscopy
= Biological processes for understanding diseases ' y .

= National defense applications
= Better situational awareness for our soldiers o ’
= Better eyes in the sky Rl RIS A
= Quantum random number generator o by odae
" “You don’t find killer apps, they find you” s

_57_ © E.R. Fossum 2017



ENGINEERING January 2017 Dartmouth Spinoff

AT

-58-

DARTMOUTH

AW

gigajot

Where every photon counts®

! @

Dr. Saleh Masoodian Dr. Jiaju Ma* Dr. Eric R. Fossum

Gigajot Technology LLC was founded to commercialize QIS technology

Gigajot will focus on niche sensor applications such as photon-counting,
scientific imaging, space, automotive, and others

© E.R. Fossum 2017
*after completing PhD summer 2017



