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t Why is SONY so strong in Semiconductor Business from the beginning to now ? J

(0) Sony could purchase the Bipolar Transistor Patent Right Base Emitter 3;“ Eﬂ}:' Base
with a very low price of $ 500 (?) from Bell Lab USA in 1954, (1) ré @ il 2 é"\
(1) Kawana, Yoshiyuki at Sony invented the low — AusiAtoy o = N

collector On-Resistance P+NP junction type Bipolar
transistor by thinning the back side of silicon wafer,
a technique now used for the backside illumination
CMOS image sensors widely to improve sensitivity.

(2) Kato, Toshio at Sony invented the silicon surface

Sn Ag (Solders)

Header

light etching and new SiO2 Passivation technique (2) .0

for the N+PN junction type Bipolar transistor with " ﬁ R
Sio2 Sio2

the MESA like isolation, which is now known as the P |

shallow trench isolation with the excellent side N

wall SiO2 formation to reduce the leakage current.
(3) Hagiwara, Yoshiaki at Sony invented the P+NPNsub
junction ( thyristor ) type Pinned Photodiode, which is < Collector
identical to SONY Hole Accumulation Diode ( HAD ), (3) 16 RLLL
with the built-in vertical overflow drain (VOD) function, fght b'm“
the image lag free electric shutter function and good
light sensitivity to realize fast action video cameras.

See Japanese Patent 1975-134985

Hagiwara invented SONY HAD which is identical to the Pinned Photodiode "
which is also the Depletion Photodiode and the Buried Photodiode. : CMOS or CCD
!

Epitaxial N+




P+PNPP+ junction type Pinned Photodiode Solar Cell
with the thinned backside silicon wafer and the metal
Heat sink and the infrared light reflection for cooling.

P+
P P
Metal Heat Sink
and Light Reflection Mirror

+ Pb + Sn ( solders )




(1) Kawana, Yoshiyuki at Sony invented the low
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~ (1) Kawana, Yoshiyuki at Sony invented the low

| Sony(f)i#ﬂ{*o)iﬂf’&ﬁ")ﬁof_, {'(Dﬁ'ét: BRE.| collector On-Resistance P+NP junction type Bipolar
SRISAHT, —#HISEATHELLS O transistor by thinning the back side of silicon wafer,
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~ @&SLT Bipolar Transistor TR F—Fo7=DM? |

Base Emitter Base Emitter Base
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Masaru Ibuka with Dr. John Bardeen, 1990 " sy Ag N L Ny
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L
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N+ N+
Sn Ag (Solders)
Collector

(2) Kato, Toshio at Sony invented the silicon surface
light etching and new SiO2 Passivation technique

Base  Emitter

o - s N2

N
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Pinned Photodiode #! Solar Cell D1 =

P+PNPP+ junction type Pinned Photodiode Solar Cell
with the thinned backside silicon wafer and the metal
Heat sink and the infrared light reflection for cooling.

Meal Heat Sink and Light Reflection Mirror

Sn + Ag ( solders )
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A little guy at work for future human friendly computers ( now AIPS ) 1972
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https://en.wikipedia.org/wiki/Point-contact_transistor

The point-contact transistor was the first type of transistor to be successfully demonstrated.
It was developed by research scientists John Bardeen and Walter Brattain at Bell Laboratories
in December 1947. The team was led by physicist William Shockley. The group had been
working together on experiments and theories of electric field effects in solid state materials,
with the aim of replacing vacuum tubes with a smaller device that consumed less power.
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Silicon Power Transistor 25C41 , Dec 1959
FREEEAGE =H NoB6 14 5F10 B)



Image Sensor Story

Kazuo lwama with Dr. Walter Bratten, 1956

Silicon Power Transistor 25C41 , Dec 1959
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(1) Kawana, Yoshiyuki at Sony invented the low
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(1) Kawana, Yoshiyuki at Sony invented the low
Sony@ﬁi@ﬁiﬂ)iﬁ%’éﬁtﬁﬁ_?’(_} %0)%&":‘:‘_‘ IRRE. | collector On-Resistance P+NP junction type Bipolar
SRICRITT, __ﬁ"#zrﬁibﬁkj v transistor by thinning the back side of silicon wafer,
@SONYDHJHEAESLTEIE, BER—GDOHN? Base Emitter Base Emitter Base

@& 5L T Bipolar Transistor CHFE—7F=>F-Dh ? é E E
ré P N+
'y &

Masaru Ibuka with Dr. John Bardeen, 1990 | e L
; N+
e
. Ron= © A -
N+ N+

Sn Ag (Solders)
Collector

[1} Kato, Toshio at Sony invented the silicon surface

light etching and new Si02 Passivation technique

Base  Emitter

e .
Si02 P Si02
ae — N
19904 L3y 1—F1—MTEHR
SONY time capsule vol. 12 Epitaxial N+

LWEEEAGS 28 No.86( ‘14 £ 10 ) & Collector



Image Sensor Story

Pulse, Digital and
Switching Waveforms

LIMAN and TAUB

-
rndionel S:mM'W"I-T .

Iy

s Slope = Ry
Saturation
region
Negative resistance
region
____________ | "Cutolf region
7 >
= f Forward V

p-n-p-n diode by
Prof. John Lewis Moll

Jy Jy J3
Anod
node . i i . Catl:)ode
(a)
A
SO
() 5 (c) ‘
Jy Jy
Emitter| Base |Collector
Anode N P Transistor Q1
o0—— P
Cathode
Transistor Q2 N P i
Collector| Base | Emitter
(a)
Jy Jy
P P IE €l P
2
L ,
1] =~
N :
N N l I
J— W\ -
Vv R

(6)



Pulse, Digital and

Switching Waveforms
MILLMAN and TAUB

Gap Sensor in
Linear Motor Car

|

Feedback

Circuit

Control PWM Drive Circuits]7

Emitter ICBT

L~/ \n )
_’_ij\—

P'F

I p-collector




Image Sensor Story

{. Why is SONY so strong in Semiconductor Business from the beginning to now ? |

(0) Sony could purchase the Bipolar Transistor Patent Right
with a very low price of $ 500 (?) from Bell Lab USA in 1954,
(1) Kawana, Yoshiyuki at Sony invented the low
collector On-Resistance P+NP junction type Bipolar
transistor by thinning the back side of silicon wafer,

a technique now used for the backside illumination
CMOS image sensors widely to improve sensitivity.

(2) Kato, Toshio at Sony invented the silicon surface

(1)

Base Emitter Base Emitter Base

S5 EE,

o’ Au'Si Alloy »

N
v

light etching and new SiO2 Passivation technique (2)

for the N+PN junction type Bipolar transistor with
the MESA like isolation, which is now known as the
shallow trench isolation with the excellent side
wall SiO2 formation to reduce the leakage current,

(3) Hagiwara, Yoshiaki at Sony invented the P+NPNsub
junction ( thyristor ) type Pinned Photodiode, which is
identical to SONY Hole Accumulation Diode ( HAD ),
with the built-in vertical overflow drain (VOD) function,
the image lag free electric shutter function and good
light sensitivity to realize fast action video cameras.

See Japanese Patent 1975-134985

Hagiwara invented SONY HAD which is identical to the Pinned Photodiode
which Is also the Depletion Photodiode and the Buried Photodiode.

e o g 4 . o . g ——— s . 7 e P e . . .
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SiO2 74

¥
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Sn Ag (Solders)

Collector

Base Emitter
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P |N+|> SiO2

Ep
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(3)

Nsub

L Collector

'
i CMOS or CCD
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TN

i The P+NP junction type Pinned Photodiode in the substrate (P type or Ntype) was
invented by Yoshiaki Hagiwara at Sony in 1975, developed finally in the complete form
as Sony original HAD sensor, which is identical and defined as the P+NP junction type
Pinned Photodiode on the N-type substrate with the vertical overflow drain (VOD).

. Hagiwara published the FT CCD image sensor with P+NPsub Pinned Photodiode in 1978. »

SONY HAD Sensor 1975 was hinted by SONY PNP Bipolar Transistor Process Technology
Conventional Static Phototransistor Dynamic Phototransistor Operation

= with lightly doped base region
(5 S ot S, SO0 Sony original Hole Accumulation Diode (HAD) 1975

m Transistor Collector ® Tha l::‘(?t.o t)r:::f;
/Y e ccp or CMOS type.
No Constant > !
Cll.cfor Current 4. Collector Current CTD main surface can

constantly running SIS PEAREER Fob e |1CTD be either front or back.

in the static mode

{'\““ The photo electrons stored in

According to the light intensity, L the base is extracted completel
Emitter the collector current is modified Emitter ‘ eht y

to the adjacent CTD.
in the conventional phototransistor .
Back Light
Gailiies V:rL— TS Complete Charge
sub Uo can .
Nsub or Psub Extraction from
the N base region
Vet > for low image lag
Base Roglon P Jo = : cTD and high speed
N~ i g JEPEEA high quality
Collector Region N e P+ 1 Type Charge action pictures
Transter Devise

Front Light Standard PPD with the front CTD main surface



Image Sensor Story

The P+NPNsub junction Thyristor type Pinned Photodiode

Light
Pinned &
Anode

P+ @—] P+

G.F:..—_Pl

N+

' Nsub Cathode

. photo diode |

P+ Emitte

Floating N CTD
base—J N L base

VOD

P+ Pinned

P collector

P+NP Tr

See Japanese Patent 1975-134985 invented by Hagiwara at Sony

Dynamic P+NPNsub junction type photo thrystor structure, invented by Hagiwara at Sony,
with the floating N-type base signal charge collection region and with the heavily doped

P+ Hole Accumulation region quenching the serious dark current. The photo signal charge

is to be transferred thru the adjacent charge transfer gate (CTG) to the nearby charge

transfer device (CTD) by complete charge transfer operation mode. The complete transfer

of signal charge gives the image lag free picture quality. The P+NPNsub thrystor photodiode
has an extra freedom to give the feature of the built-in vertical overflow drain(VOD) function.

Light Pinnedpi\nodsmmd Light
P+ Hole Accumulation
_diode (HAD) ﬂ N _CTD
N b2 col -L:m
Collector
Gate
P || voo F @ ‘ I\
N+ | e 3
N+ Emitter b
NPN+ Tr
SONY Hole Accumulation Diode (HAD) ..node
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Pinned Photodiode is identical to Sony Hole Accumulation Diode (HAD)
with the same P+ hole accumulation layer at the SiO2 exposed silicon surface.
Hagiwara reported how to form the Pinned Photodiode in his 1978 paper.

Direct Quotation from Hagiwara 1978 paper Then,
using the polysilicon patterning as an ion im-
plantation mask, boron ions with the dose
level of 2x10'? em™? are implanted into the
silicon substrate throughout the exposed por-
tions of the thermally grown oxide. This step
provides self-aligned channel stops /(C+ layer ).

b ¢ s Pinning Voltage
A r “a'v we Empty
Pinning Voltag — Potential
Pinned Well for
B o Complett
Ly = Charge
Light = Transfer
ox‘d‘ ‘P 'N it P 3 Operation
Fig. 6 of JP 1975-134985
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(BR) V)V READP+EEZT I BUDBEETH LT
ESLTRERERNIFTELON?

Sea of Electrons

-~

Sea of Electrons

\

e-e-e-

] \N Sea of Electrons

/

Sea of Holes

(BR)ADLVELRETE, BIRLFKT) I2&Y, BFE HoleDPairhSEELET , LAL, ZRE D+ & IR
BECEEINTVNET L, REOP+EIL Sea of Holes HEELY . BEMNTELELY, BRABYEEA.
IR — (kT) TEEN-BFEHOLE D Pair (X TOBAIZBEY, WThEHESL. BERICEMLELA,
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Proceeding of the 10" Conference on Solid State Devices, Tokyo, 1978;
Japanese Journal of Applied Physics, Vol 18 (1978) Supplement 18-1, pp.335-340
These figures shows (1) Excellent Blue Light Sensitivity (2) Low Surface Dark Current

and (3) NO Image Lag Features of the P+NP junction type Pinned Photodiode.

, :
:P =y Without Image Signal
’
)

Low Surface Dark Current

Figure 2 Cross Section of the CCD charge
Transfer Region with the P+NP junction

tvoe P'“"‘?,‘,’, fPOtOd'Ode (PPD) CCD Complete Charge Transfer

oooooooo

wand No'lmage Lag observed

wWith Image Signal

7 Y A Rl S e

3

1S

s

relative re

400 500 500 700
wave length (nm)

Figure 13 Spectral Response of the

P+NP junction Pinned Photodiode (PPD) Figure 14 Comparison of CCD image sensor

with the excellent blue light sensitivity output signals with and without image signal.
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SONY HAD ( Pinned P»Botodi_oAde;) Publications at the International Solid State Device |
L Conference in 1978 and the Tokyo & New York SONY Press Conference in 1980

The original Pinned Photodiode (PPD) structure was invented by Hagiwara at Sony in 1975.
The first one-chip color video camera with a FT CCD image sensor with P+NP junction type
Pinned Photodiode (PPD) was reported by Sony in 1980 at Tokyo Press Conference by Iwama
Kazuo of Sony president, and at New York Press conference by Morita Akio of Sony chairman.
l‘ Sony original 570H x 498 V one-chip FT CCD Image Sensor with Pinned Photodiode, July 1980

P+NP Junction Pinned Photodiode
i % | Nolmage liﬁ_l

ol

pt> &
. L

- -

On July 1980, Iwama Kazuo at Sony Tokyo Press Conference and Morita Akio at New York
Press Conference announced the one chip CCD video camera with the 8 mm VTR in one box.

See the Original 1978 Publication of the Pinned Photodiode Sensor
Y. Daimon-Hagiwara, M. Abe, and C. Okada, “A 380Hx488V CCD imager with narrow channel

transfer gates,” Proceedings of the 10th Conference on Solid State Devices, Tokyo, 1978;
Japanese Journal of Appllied Physics , vol. 18, supplement 18-1, pp. 335-340, 1979

' [ High quality picture of SONY CMOS Imager is also based on SONY HAD ( Pinned Photodiode).
|
I
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History of dynamic Solid State image sensing structure
from BCCD type MOS capacitor to the P+NPN junction Pinned Photodiode capacitor

Bad
Blue

Light
Sensitivity

(1) CCD type (2) N+P type  (3) P+NP type (4) P+NPN type
invented by  The classical photodiode  (3) and (4) are the P+NP junction type Pinned
Bell Lab in 1968 with serious image lag  Photodiode invented by Yoshiaki Hagiwara, 1975

" In Japanese patent 1975-134985, Hagiwara at Sony invented the Pinned photodiode with

very low dark current, which is also the completely depleted Buried Photodiode with image |

\_lag free picture quality, and also with the built-in vertical overflow drain ( VOD ) function. )
Reference: IEEE Solid-STATE CIRCUITS MAGAZINE, SUMMER 2013 issue pp. 6~
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Pinned Photodiode and Sony Hole Accumulation Diode (HAD)

PNPN junction Transistor type Pinned Photodiode

Visit https://www.j-platpat.inpit.go.jp/ and put the patent number 1975-134985

fle 1975134985 Filed  1975/11/10 1 7 japanese Patent 1975-134985
Public 1975058414 ?r:'uk l;ggl/?ol/l;’g | Mola Accumudation Diode (A

Patent Claim in Englsh Translaton Fig.6 ¢¢ ¢ ¢ o
T Tnthe semconductor substae (Nsub) the | 8908 84, % [, 4 e
first region P1) of the first impurity type is A wo

formed, (2) on which, the second region (N )

of the second impurity type is formed. (3) The
charge (e-) from the light collecting part N} is

is transferred to the adjacent charge transfer
device (CTD). 4) Both are placed along the main |
surface of the semiconductor substrate. (5) In the
solid stare image sensor so defined, a rectifying
Emitter junction ( Je ) is formed on the second
region (N) of the light collecting part (N) . And

(6) Collector junction ( Je ) is formed by the
second region (N) and the first region (P1), forming
a transistor structure | PZNP1) (7) Photo charge is
stored in the Base region () according to the
illuminated light intensity, and transferred to

the adjacent CTD. The solid state image sensor so

UP { Front Side ) emme Down ( Back Side |

Faned Empty

VoD

Yoshiaki Hagiwara, Japanese Patent JP 1975-134985

Most CCD Image sensors and CMOS Image sensors
today are applied with the combination of the

. sertical overflow drain (VOD) and Pinned Photodiode.

Moo Lonz

e

0]

-
—

= Poly-Si
N

P

Photo Dyock:
In 1975 Yoshiaki Hagiwara at Sony proposed using
a PNP transistor as the photodetector which is the
combination of the VOD and Pinned Photodiode.
By providing a P + layer (emitter) for the light
incident section, the sensor electrode that covers
the entire light receiving surface of the photodiode
can be eliminated, greatly improving the light
sensitivity. This P + layer was also a proposal
to reduce the dark current and image lag which
became the basis of the pinned photodiode

https://www.shmj.or.jp/english/pdf/dis/exhibi1005€.pdf
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Elolo-

Peved Moo Dlode

Back Light

[ Original Concept of Japanese Patent 1975-127647

;
on Buried Depletion Pinned Photodiode, stacked with P+PNP junction type Buried Dgplgﬁon Pinned Photodiode
two Global Shutter MOS Buffer Memory and Charge

Transfer Gate (CIG) stages in multi chip three with MOS capadtortypebeal Shutter Buffer Memory

dimensional configuration for synchronizing data See Japanese patent 1975-127647 filed by Hagiwara,
\\lransl'cr to the mciving ADC and Cache SRAM chipy \ /
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s I-Ilstorv of DRAM Cell Bill Regitz { Honeywell 1969
l wL -~ l l wL
= X VoD _—g VOD
£y 8L
l ouT
VGG = ouy | EH.Dennard (1BM) 1966 our
'lqc Memory by Enomoto and Sale (NEC) 1966 Intel 1101 @lsscc197o
orbert Wiener 1948
History of Photo Diode Cell
Modern CMOS Image Sensor
PG Light vdd PGEVOG — U‘h' vdd
B o - ' _L
vdd vOG vdd
VOG
"'_? K3 l"'_‘:'—T °-'_‘_.-°:l Yo
1966 Classic MOS Image Sensor
VGG .‘| l ouT ouT l
Original MOS Image Sensor ouTt After Peter Noble (1966~1968 )

1C and Source Follower Amp CCD image sensor does not need the in-pixel source follower amplifier circuit.

/

CMOS Inverter and Source Follower circuits are basics for digital circuit design. \
But we had to wait, till the advancement of CMOS process scaling rule,
in order to place the source follower active circuit in each small picture cell area.
Meanwhile CCD had a great role in the advancement of image sensors in 1980s.
For modern high definition TV image sensor applications, CCD has the power issue

. and also the limit in charge transfer efficiency of 99.999%, which is not enough now. y
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SonyDF B HRDBEFRYIRHS>T, TOieisE., BRE.
SRICAIT T, —#ITBEZATHFELLSO
@SONYDFEBHEMNESLTELSHEAER—LGOMN?
@<L 5L T Bipolar Transistor CHH R —1=>f=OH ?
@4L5LT cCD Image Sensor CHHER{—F=>F-DM ?

E=HE ok (101952878 - 1982588248)
BEDOEHE. . BEE . EXFRTHD.

FARR——HE. FSUORZITHEBL.

BEICBT23EBEEROEAREZR 1=,

© Yoshiaki BIO In ISSCC1974

ISSCC1954 N EREMICHMH TEMRSAIE
!#Atl,'cwmu—ﬁﬁi'cto FD20%

o RO 1974528121
PRBRX EEYs
M SSCC1974I=T

PhD FERBIERR.

Computer¥{li#t WEEEEL ., HBHAHECCODTANABBET BB REBRELEL-.
BEHAHBCCONFEREZHAL. BEREETAIASADOEANHLIEITEBLEL,
BFOBLELTHMB/INKEN-BH IR TLI-. TORIITEALTMUIZA LD BIZIE,

SONYDEMHEEELVEL -, 19744 4BsoNY AL D EItE BT SONY USADEETLT-,
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SonyDFBADMBEZTIRY BT, TOESE, RRE.
SRICAITT. —#HITBZATHFELLSO
OsONYDFBEFEMNESLTELSHLAEF—LOMN?
@<L 5L T Bipolar Transistor CHH R —1=>f=OH ?
@4L5LT cCD Image Sensor CHHER{—F=>F-DM ?

Sony Atsugi Tech Lab Note in Summer 1971 by Yoshiaki Daimon Hagiwara

July 8, 1971 Lab Note

NPN Bipolar Transistor Inverter Circuit on P substrate
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Ref: |EEE Journal of Solid State Circuits, VOL.SC11, No.4, October 1976
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Prof. C. A. Mead and Yoshiaki Daimon Hagiwara
working on the sillcen chip design at Caltech In 1972

128-bit Multicomparator chip, designed by Hagiwara
in 1972-1973 and fabricated by Intel PMOS process.
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128 Bit Multi Comparator, 1972

16 x 16 = 128 bit ;& display panel -;I.'_lj-l:_
113 1 — 11 1
R § R
|: |
L1
o~
1 hw RBw A
e |
i 1
ol IJ y
¥ — | iy
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128 Bit Multi Comparator 1972

2 = 1024 ~ 10°

16 x 16 = 128 bit & display panel 128 64 64 39
i displayp 2 =2x 2 ~ 10
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Intel PMOS Process1972

Lightly Doped and Buried Drain PMOS Transistor
in order to reduce the gate drain parasitic capacitance
to achieve high frequency MOS transistor response

N sub

—
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Intel PMOS Process1972
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Intel PMOS Process1972
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Intel PMOS Process1972
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Intel PMOS Process1972

S102 S102

N sub
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Intel PMOS Process1972

Si02 | Gate Si02

N sub
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Intel PMOS Process1972

N sub
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Intel PMOS Process1972

S102 I———I———I S102

N sub
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Intel PMOS Process1972

S102 I———I———I S102

N sub
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Intel PMOS Process1972

sozL_ el [cioz
[ P ] [ P ]

N sub



Intel PMOS Process1972
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[ p | [P ]

N sub



Image Sensor Story

Intel PMOS Process1972

N sub
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Intel PMOS Process1972

Lightly Doped and Buried Drain PMOS Transistor
in order to reduce the gate drain parasitic capacitance
to achieve high frequency MOS transistor response

N sub

—
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128-Bit Multicomparator Chip designed by Caltech Students and fabricated by Intel

Ref: IEEE Journal of Solid State Circuits, VOL.SC11, No.4, October 1976
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Hagiwara had five important ideas in 1975 for the pinned photodiode sensor structures.

My first publication was
a PhD thesis paper
published at the I1SSCC1974
in Philadelphia in Feb 1974,
CalTech/JPL NASA (I1BM)
computers were used to
| perform three dimensional
=t Prof. T. C. McGill (x,yand t) BCCD device
simulations for polysilicon
and aluminum overlapping
gate buried channel CCD
structure with the two
dimensional Poisson s
equation and time domain
continuity equation.

My PhD thesis paper
on buried channel CCD
at ISSCC1974 in Philadelphia, USA

Prof, C. A. Mead

See Japanese Patent 1975-134985 ( filed on November 10, 1975 )
. Sony Original |
HAD Sensor
HAD = Hol‘e Accumulation Diode
And see also Japanese Patent 1975-127647 ( filed on October 23, 1975)

which defines an NPN/Sub junction type Pinned Photodiode
with a built-in Global Shutter Function and Back Light lllumination Scheme

which defines a P+NP/Sub junction type Pinned
Photodiode with Vertical Overflow Drain (VOD)
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SonyDFF DB EFRYIRHST, TDigsE., BRE.
SRITAIT T, —#ITBEZATHELLS O
@SONYDFEBEMNESLTEHELSHEAER—LGTOMN ?
@<L 5L T Bipolar Transistor CHH R —1=>f=DH ?
@L5LT cCD Image Sensor CIHR—F=>F-D ?

E=HE ok (191952878 - 198288 H248)
BEOEHGE.  BES EXFTH5.

BARV —— E. PO RZITHBL.

BEICBET2¥BAEEROEAREZ A>T,

© Yoshioki BIO in ISSCC1 974

ISSCC1954 DEMREMICNOH TERSAIT
!#Aé:l;c&sm,f-ﬁﬁit‘n FD20%
- o #m1974F28121F
PRRREIT ERYS
d SSCC1974I=T
PhD FPERNERE.

Computer3{liHt WAEEEEL ., 1BHAHECCODTFANABRET NV BITHRERELEL-.
BHAHBCCONFERRIEEZHPL., BEREETAIASAOGABHILEITEBLELS:,
BEFOBELTH/EINKENS-BHIBRTL-. TORMXITSEALTMUI-A LD PIZIX,

SONYDEMAEXELLVELT-, 197445 4BsoNY AL DOEI E T SONY USADELETLT-.
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(A) M.Abe,T.Shimada,C.Okada,T.Ando,Y.Kano,T.Hashimoto,H.Yamazaki,
“ A CCD Image Sensor with SiO2 Exposed Photo Sensor Arrays’,
Technical Digest of IEDM1977, Dec 1977.

(B) SiO2 Exposed Photo Sensor with P+P Barrier Electric Field (2020)
(C) Classical Silicon Target Tube with N+N Barrier Electric Field (1967)

A ___Pm\__/[ Poly Si ]S\iaz_

P+

]

g = & O oo
’°+

P sub

P+

SiO2 Exposed Photo Sensor with P+P Barrier Electric Field

=

—paiys] \— —/ P \—

P+

le- e- e- e-

e+ g =" P

P+

P sub

—
-

Silicon Target Tube
® Grounded

Beam |e- _| when reset

N .. e+ ©F

floating=——+ N+ ©- g_-\e-\ /e'

~ VOu
Light Vel
Beam resets 2 le—
P+ to GND +Vdd
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@M A—Tt Y —DRRTE R (BREM ) XC-1 1980
EHEDYURKIC2FITRBAAZELTY/=—D E &AL Two-Chip Color Video

Dr R DBEERDBIIEHRARY) —VICBRLE YT Camera

all solid state = robustness

SyoREn
vy NIEE

-4
e Ind Poly-Si

315t Poly-5i

BCCD#5iX  SCCDERsE MOS@EXJ’E“B

P-Si ' <ICX008>
MOS RETZJHLT CCD MET BREDLTVBREERRLL,
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Hagiwara’s Lab Note at Sony in February 1975 The N+PNP junction type
Photo Transistor Structure

Origin of Sony HAD sensor 1975
with VOD function

e

In 1975 at Sony, Yoshiaki Hagiwara filed three Japanese patents JPA1975-127646, JPA1975-127647 and JPA1975-134985

on the Pinned Surface Photodiode with the VOD function which is later called as Sony Hole Accumulation Diode (HAD).
Hagiwara did not file a patent on the SiO2 device isolation but this lab note shows that Hagiwara had an idea of

forming the Shallow Trench Isolation by the Local Oxidation Method, which was hinted by the LOCOS isolation in 1970s.

J. Appels, E. Kooi, M.M. Paffen, J.J.H. Schatorje, and W. H. C. G. Verkuylen,
“Local oxidation of silicon and its application in semiconductor-device technology”,
Plilips Res. Repts., 25, p.118 (1970)
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The N+PNP junction type Dynamic Photo Transistor Structure

Pinned Photodiode and Sony Hole Accumulation Diode (HAD)

with the vertical overflow drain (VOD) function
invented by Hagiwara at Sony in 1975

Light

— S
— Si02 N+

Si02

|

[

P (BasE)
‘/ \_’ \

/

[

|

" P

—

Hagiwara’s Lab Note at Sony in February 1975

In 1975 at Sony, Yoshiaki Hagiwara filed three Japanese patents JPA1975-127646, JPA1975-127647 and JPA1975-134985

on the Pinned Surface Photodiode with the VOD function which is later called as Sony Hole Accumulation Diode (HAD).
Hagiwara did not file a patent on the SiO2 device isolation but this lab note shows that Hagiwara had an idea of

forming the Shallow Trench Isolation by the Local Oxidation Method, which was hinted by the LOCOS isolation in 1970s,
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PNPNsub junction type Pinned Photo Diode

Visit https://www.j-platpat.inpit.go.jp/ and put the patent number 1975-134985

File  1975-134985  Filed 1975/11/10 " Japanese Patent 1975-134985
Public 1975058414  Public  1977/05/13 Hole Accumulation Diode (HAD)
Grant 1983/10/19 .
Hagiwara 1975 invention on November 10, 1975 F|g' 6 ‘.’ { LLA » i
Patent Claim in Original Japanese BeRA LP "J; ‘&P ~G_‘“‘;ﬂl‘""~'

(1) MR (Nsub) (=, 351 EBE O 1 LWk :l,,m.,,,._. Tl
Rl (P1) &, (2) 2D LIS Eh-F2HBE a
DOF2L WAL (N) £ RSN T (3 BAH vop 43 =1
(N) & 2&YOBFEZEERT 2BA R (CTD) B oot -
EN (a) LEEHJAKRAE (Nsub ) DEME IZi8580< lunction

EEESN THS(5)BHIREER (TR TER
FERBAED(N) O LREE 23 WAL (N)(C BiRtE
ES ) RSN, BIES(e)ZISVA(P2N)ES  vsub
EL. (6) ERE1(PHRY F23 WAL (N) ®—| o= Nsub
DER(N/PL) ZE ALIVEZEES()ETEHIDRE  yop

(P2NP1) ZREL(7) B PP A B(P2NP1) D R—2A
L35 EREE2F J|RRB(N) IS RBICIH LT
BEEEMLCCICENSA-EHZ LRREES
(CTD)IZBITEETEDEEETILIICLI-CEE
BRETIERRGEE.

VOD may be grounded. Ligi\t
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PNPNsub junction type Pinned Photo Diode

Visit https://www.j-platpat.inpit.go.jp/ and put the patent number 1975-134985

File  1975-134985  Filed 1975/11/10 ~ Japanese Patent 1975-134985
Public 1975058414  Public  1977/05/13 Mole Accumulation Diode (HAD)
Grant 1983/10/19 Fi 6
Hagiwara 1975 invention on November 10, 1975 8 A G R o
Patent Claim in Original Japanese BORA &) M N A7 roena
A 3: 1IN P s
(”*a{*&‘*(NSUb) 1<, UP ( Front Side ) s———s oml(f:d(sw-)

. Mole Collector HAD

Hectron .
Junction

Emitter
lunction Pinned Empty
Potential Well

Si02

Nsub
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PNPNsub junction type Pinned Photo Diode

Visit https://www.j-platpat.inpit.go.jp/ and put the patent number 1975-134985

File 1975-134985  Filed 1975/11/10

Public 1975058414  Public  1977/05/13
Grant 1983/10/19

Hagiwara 1975 invention on November 10, 1975
Patent Claim in Original Japanese

(1) WERE (Nsub) IZ. E1BRBOE 1 $MWE
SRS (P1) &,

Japanese Patent 1975-134985

Hole Accumulation Diode [HAD)

Figo 6 ﬂ ‘ 3 Pinned

o Surface

Ne A7V Potential
LR ?_‘ e ,,)1

P|N P s
UP ( Front Side ) #=————s Down ( Back Side )
~—tt

‘k(ho'\y - MHole Collector HAD

unction

lunction Pinned Empty
Potential Well
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PNPNsub junction type Pinned Photo Diode

Visit https://www.j-platpat.inpit.go.jp/ and put the patent number 1975-134985

File 1975-134985  Filed 1975/11/10

Public 1975-058414  Public  1977/05/13
Grant 1983/10/19

Hagiwara 1975 invention on November 10, 1975
Patent Claim in Original Japanese

(1) WERLE (Nsub ) IS, B1EBREROE 138K
SEIE (P1) &. (2) 2D EICHEEN-B2R TR
O E2WRGEE (N) A EREENT

"~ Japanese Patent 1975-134985

Hole Accumulation Diode [HAD)

Figo 6 ﬂ ‘ 3 Pinned

—~— Surface

Ne A7V Potential
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Three types of in pixel Vertical Overflow Drain (VOD)

Only the PPD type VOD(3) has the Adjustable Charge Capacity Control Capability.

(1) Substrate P type VOD  (2) MOS PN junction type VOD (3) PPD type VOD
invented in July 1975 invented in Nov 1975
Ve by James Early by Yoshiaki Hagiwara
§| e e,
1 * Woetllwl P | IN Jeeves tght | .
Light bt =>g[PH{ N [P|N [-vOD
(8) Overflow to Sub -Vao =1
et | | /. NI () (tabte Grrge Copacy
cl:‘n-adjust:blp I e i 5 ’ l l
-harge Capacity A ) S N R s— o r
+VG1 06— '—[:v- 1 ! | Voo
A stored : B)VOD
() charge bubiree
o Charge d iﬂ h ) oy B |
‘ arge does not flow to the | i od
o to the substrate. substrate till the N depletion | VoD
region reaches the surface. | i ,7-.
Qmax = CoVG Qmax = CoVG1 Qmax = f (VOD)
Before July, 1975 USP 3896485 JPA 1975-134985

Photo Charge is stored in the  Photo Charge is stored in the Photo Charge is stored in the
MOS Surface Inversion Layer MOS Surface Inversion Layer N type Pinned Buried Region
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Difference of Pinned Photodiode and Buried Photodiode
Pinned Photodiode must have the P+ heavy doped channel stops nearby.
Pinned Photodiode must be a buried photodiode.
Pinned Photodiode must not have the edge barrier to the Charge Transfer Gate
Pinned Buried Photodiode Buried Photodiode Bucket Bridgade Device (BBD)
does not have the edge barrier with the edge barrier with Serious Image Lag

iﬂﬁ B ‘CTG ‘vj ‘vz
T

————————
——————— -
- —— o ——

: [‘
i

N ::::{::::ﬁ— :'.::&.::::
e ma' Ima‘ge
Image Ed
Pinned Empty Potential Lag Balf’;{ Lag

( Pinned Photodiode (2 Buried Photodiode (3) Bucket Brigade Device
with No Image Lag with BBD Barrier (BBD)
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Pinned Photodiode Must Have the Grounded P+ Channel Stops Nearby.

Buried Photodiode The resistivity p of the P+ hole accumulation layer is given by
Floating Surface P+ region p=R*W*d/L
A In the 2/3 inch optical lens system, we have the optical image size
of 8.8 mm (H) x 6.6 mm (V) which was a common size in 1980s.
Hence, we then have L = 6.6 mm = 6600 um

The short wave blue light cannot penetrate more than d = 0.2 pm
into the silicon crystal in depth. Hagiwara reported in SSDM1978
paper Qd = 2 x 10 13em,” which gives Nd = Qd/d =1x10% em?

Serious Image Lag Problem

Pinned Photodiode
Pinned Surface P+ region & RC={Lp /(W*d) } {eW*L/Xo}=epL?/(dXo)

For Nd = 1:(10“¢:m',3 we have p =0.04 ohm cm = 400 ohm pm

We have ¢ = 216 e/volt um for silicon oxide and e = 1.6 x IO'HCoulomb
RC = (216) (1.6 x 10" ) (400)(6600)(6600) / (0.2)/(0.1) sec

RC = 30.1 psec while one frame is 1/60 sec = 16.7 msec and
the Vertical CCD register clock period is 16.7/500 = 33.4 psec

No Image Lag Problem Hence RC delay time may not be ignored and surface P+ may be floating ?
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Difference of Buried Photodiode and Pinned Photodiode

Pinned Photodiode Buried Photodiode
Pinned Surface P+ region Floating Surface P+ ngionﬁ

.":\ ]
Depletion Rodon

SO'“""Y"e SSDM 1978 Pa per Serious Image Lag Problem
04 NEC IEDM1982 Paper
T E% Flosting Pp% TG v-CCD ’
K o3 r..:zid G io . P.m"& o
[ L . o
W" P~ anh ) - P= «
P+ Channel Stops and no Image Lag Problem N"

No P+ Channel Stops and Serious Image Lag

Floating P+
4"‘\—!’—!2!@:1, P
—A_x) L&

) »~
‘) p-Substrate

SONY 1987 HAD Sensor KODAK IEDM1984 Paper
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Difference of Buried Photodiode and Pinned Photodiode

Figure 5 does not have the P+ channel stop nearby.
Buried Photodiode

mv \°o-o-o-ooeoy L 99 L eperimart v
04- \ “w—x--s~ Sorogectie Dectros 410
o\ of PO (Laperimant] -
\‘ e el 2z
= 8
g § A :
> \ -
Ko s 3
: A :
f \
x T / { “04a =
1 z "o Ist Field -
Serious Image Lag Problem g f 5 >y 2
. p vy £ f? e
d Flersd
NEC IEDM1982 Paper e ., 3
i 0 S ek Y
Floating ., 5 y-cco
s \ ody TG Chonnel Potential (¥y
PTLayer\y  sessss—s There is still image lag
_ N " N at the CTD gate voltage more than 10 volt.
- ST ‘ Fig-6. Storageadble clectrons vs. transfer gate channel
P uhatsate = potential, and GecCay g vs. transler gate
N channel potentisl in the P*NP" strucCture
No P+ Channel Stops photodiode

Fig.5. P*NP- structure photodiode
a) Unit cell cross sectional view

NEC IEDM1982 Paper reported Image Lag

Figure 6 shows that there is still image lag at the CTG gate voltage of > 10 volt.
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Basic Structure of Image Sensors

Inteligent Digital Image Sensor Structure

<1> Photo Electron Conversion Device (PECD) functioning as the human eye retina cells,

| A) NeP junction Photodiods with Poar Quantum Efficiency (QF) and Serious image Lag Problems 2. Photo Detector + Charge Transfer Device (CTD)
{B) P+NP junction Pinned Photodiode with High QF, Low Surface Dark Current, and mo Image Lag ' |
(€} P+hiPsub junction Hole Accumudation Diode (HAD) with Vertical Overflow Drain (VOD) function

> hag Trfor Device T g il chare o et s,

(A} Original MOS type CTD with Very Serious CKT and Clock Noise Problems.
(B} CCD type CTD with low CKT and Low Clock Noise but with Large Power Problems,
(C] CMOS type CTD with In Pixel Active AMP and Global Shutter Buffer Memory.

Hole Accumulation Diode (HAD) : ) ishi '
Hagiwara(1975) o Sony 1975 mg m;;h' Haf;\;sm
Pt ‘Nt Poen | Now | g Photodiode |  CCD PNPsub | PNPNsub
T T 'Tw Buelghtsenstity O x X O O O
| Yamada(1978) €104  Toshiba 1978 Low Image Lag
| o [NTTP [N [ SR TR VS SR
ot 1 Surface Dark Curent X X ¥ 0 ©
2 —
| Tmmshl(1980) CT0 . NEC 1980 Surface Trap Noise X X O X O O
| PNT| Pus Vertial OFD (VOD)
| o | 1 X X0 X O S O

| Yoshiaki Hagiwara, Japanese Patent JP 1975-134985
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PIN diode
P

In 1975 the first PPD
was invented by
Hagiwara at Sony
and used in ILT CCD
PDs by Hamazaki
at Sony in 1987.

PPD must have

the P+ channel
stops nearby to pin
the surface P+ layer.

@ ELECTRICALENGINEERING

Difference between Buried Photodiode and Pinned Photodiode

What is the difference between Buried Photodiode and Pinned Photodiode? | understand that the P+/N/P
structure where the P+ and P layers have the same potential is the Pinned Photodiode. So what is the
buried Photodiode?

https!//electronics. stackexchange.com/questions/83018/difference-between-buried-photodiode-and-pinned-photodiode

This is a commonly misunderstood misused set of terminologies.

First off these are not PIN Photodiodes - which stands for P - Intrinsic- N. These have large depletion
regions for higher internal QE (Quantum Efficiency) and faster response. You can't make an array with this

design though.

Pinning, refers to fermi-level pinning or pinning to a certain voltage level Or also the forcing or prevention
of the fermi-levelivoltage from moving in energy space

You can get surface state pinning from the dangling Si'SiO2 bonds providing trapping centers. A buried PD
(Photodiode) has a shallow implant that forces the charge carriers away from these surface traps. The
SVSI02 surface contributes to increased leakage (dark current) and noise (particularty 1/f noise from
trapping/de-trapping). So confusingly a buried PD avoids pinning of the fermi-ievel at the surface.

A pinned PD is by necessity a buried PD, but not all buried PD's are pinned. The first Pinned PD was
invented by Hagiwara at Sony and is used in ILT CCD PD's, these same PD’s and the principles behind
this complete transfer of charge are used in most CMOS imagers built today

A pinned PD is designed to have the collection region deplete out when reset AS the PD depletes it
becomes disconnected from the readout circuit and if designed properdy will drain all charge out of the
colection region (accomplishing complete charge transfer). An interesting side effect is that the
capacitance of the PD drops fo effectively zero and therefore the KTC noise g, — sqrt( KTC) also goes
to zero. When you design the depletion of the PD to deplete at a certain voltage you are pinning that PD to
that voltage. That is where the term comes from

I've edited this Answer to acknowledge Hagiwara-san's contribution It has long been incorrectly attributed
0 Teranishi and 10 Fossum (in CMOS Image Sensors)
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TIPE

Image Sensor Size

1/3.2" 1/2.3" 1.0” APS-C
¢ ¥ O B

14.5mm2 29.1mm2
.2mm
116.2 2 372.9mm2

Full-size

864mm2

Digital still Camera
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A A=Y —DRARER (BEA )
@1978%Sonyl 380H x 498V M FT CCD Image Sensor [Z, tHRYDEBREZNHLEF.

P+NP##&% Pinned Photodiode (HAD) ##&A (SSDM1978 Conference, Tokyo 1978).

OEFRMIFERIFHORENKEZTOMBENDLLY, 0F BN LB EELT,
ST IR A E L Clock #HEMNKEL BB ELof- MOS video camera & K=<B|=BLT-,

198047 A t#H5¥) one chip MCCD Video CameraZz#z.,

570H x 498V One-Chip FT CCD Color Imager, 1980
EREHADZ EEEDRE

BREZART
P+NPE&H!

Pinned Photodiode

(Hole Accumulation Diode) o = ——S

)@Y

Y Al B

N ML IIT

el L L TN

P Oy o) s

8 mm video recorder& —{&%! CCD Video Camera (1980)
@®Kazuo lwama (Sony) @ Tokyo Press Conference 1980
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Image SensorDEAXRFEII2DDEELZE 22715 &A1k,
(1) ABDOEHOREMRICHLST S AEBERESICERI I EERZIRR,

(A) N+PEEE R (ARENE FERETREL. BENVEIST=)
(B) P+NP BiES (LRERIF. BRELL, LALARIBH MO DEBHREMEELL, )
(C) P+NPNsubfESE! (BIFFHAD, FEE RIF, BiFEL., HhDBFIBE LR EMEEHY ., )

() EEBAEZHNFTEET SHEMRORICHES TS, BREGEEE (CTD)

(A) MOS BRI EEE (RBETEM T LClockEFTNKEMNOT=,)
(B) CCOEVEHIGERE (MESEBHTELClockETLHL. LOALEEEANKEL,)
(C) CMOSE BRI EEE (EERBTEH T HLClockMFTLL. JHEEBAH/NELY,)

(1) IREk O HFEHIR

' o Retina Cell (Photodiode )
1] Charge Transfer Device (CTD Human Bfail'l

-. (2) EfaEnXFaE (CTD)
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(1) N+P junction Photodiode (2) Transparent Electrode CCD/MOS Photo Capacitor (1980)
in 1960s

Light | Lght
7 Si02 | m
3 AP < 7 Si02 p'
N+ e->ee- —>CTD B 1D o

Bad Image Lag| Ppsub [ No Image Lag] Psub 1978

Sony ICX-008 CCD chips (1980)

. 2 ] :
(3) P+NPNsub & E Photodiode  (4) P+PNPNIE&E! photodiode  (5) P+PNP 253 Photodiode
Global Shutter Buffer MOS

Hole Accumulation Diode (HAD) Global Shutter Buffer MOS :
with Vertical Overflow Drain(VOD) Memory for CMOS imagers Memory for CMOS imagers
et
Z.5i02 CTD Si02 $i02
P+ - =p=—p €- Q- =——i=p €C-C- P e- @- =—t=p
CTB N 2 > CTD CTD
= N e— P | N e_f__
N e e veumy
P Psub 4" P —
Nsub — P+

I C
N+ = Back Light | | = Back Light -

VOD JAP 1975-134985 JAP 1975-127646 JAP 1975-127647
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@ JLILETEHY . Ff-HIF (Jt+F) THHS (Albert Einstein 1900)

@ EEZLRILHHYEBET I TRIBTES,
ORFHNDAELERDOBERMEFOEENKES !

h = = =
a2 :lrhz(-m—c)( 1-cos(6) ) HBS TN~ E=hw=hf=hc/A
£ e-sesraz | E (eV) =1.24/ A (um)
hw
:.""{;E;') ......... ;;;met ..... .9 ................... f %@I*)D¥— (E) ‘ijﬁ;’&& (f) ':‘ttﬁl] L
#£ As BLEF ., ’;‘f :Z%\) c=fA LU, LR () ISREATS,
"""" W2 ER A2
KENBEFES ORI -
o= O'C:'u(i'ﬁﬁb,&ﬁz)%tlim\o ¢ For Silicon, Ec=1.10eV and A= 1.12 um
. . O EOMEETIL EEOPICASIIKETIL)
(R TRILF—) =F B HEDEnergy Gap e RRETHOSNE
F T B TR LA —
| 'ﬁﬁ (sea of electrons) _I_ w
€- -, -
“?‘f"-' "'@Liﬁ%&%

JM&EME&-;L )

SRICHERETBE
e dbeIxILF—%E
L RRLTETOROE Y
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RF | RFETHRLE—OH)D BF () ICEODIHETF *F

ERER) ICEEHEF (e )RS HEFET S,

BOEFDOHD ML OLTRE
EF (e LEHELT ) ’ ZHT oDy 7
KFHHIES. o . BOMERE
SEIETRERET S,
S BELLN !
e Stk R&T%
*F
i BRIETHD
: Si027xE D
, HIRIE .
—@= i o WEET., € ASX (5mm)
}: P e- & B|AYTIE (80nm)
,,/ ﬂﬂ}‘y#ﬂg (40nm)
,’ slo ~
Y KRINAFES A HRBIE FEE (50um)

ERELRICMEET LT
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4. A A=Y DENMERE
OFRFHRE(RFRELEF)EXBR(KEERE) DL

Silicon[R F(ht¥) = Hole(Si+f4A4>) + BHHEF (e-)

PLEEFOYEETILIX
WIRPOXEGEDTEREICELUT S,

Periodic Table of the Atomic Elements 2 He
TT AR

5 6 7 8 10
cl Ar
13 e 157 16 2™ s
WMo EF +
BEDEF ., M +V
2@ EF L
@ ai_ :-':-F\: %ll [
FISFF% : : T
HEET
iig$§§$ ¥ gz - -

- = TRLBEHET

Y02 0.2 6
©®0®e
e-

HHET

BEFHER
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4. A A= S OENERE

ORFRE(RFRELEEF) EXRBR(KBLERE)DELL
Silicon|fRF(#1t¥) = Hole(Si+A4>) + BHEF (e-)

NEEXEAXOYEETIL
ERICHEDELREBHTILE @@ © ®® ®
FARVHTDERR.LALEE | ©® _ Gy 250
o)EL%%L\(ﬁ‘éigéb\)%i—Pﬁbr @@ ‘‘‘‘‘ - ® ®
BFIIRUOHSEN?
¢ ®®@@®®
O EAIEE. KOM CET) D ®  ©
BOIRILF—ITKEL, ToIFDE
E=hw=hf=hc/A
E (eV) =1.24/ A (um) e
O B B E F I3 S RZRE E IS EL
BEIT 2, LAL. BREDHTE, BHHET

SEREORFHO3 HEDHTIE
BB F IRl Ao EATES,
EFNETR

PEIEBEAOYMEETIL

Hole M X 1%
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4. A A=t DENERER
OFRFREE(RFREEEF)EXBR (KBGERE) DELL

Silicon[R F(ht¥) = Hole(Si+f1A>) + BHEF (e-)

. EFNE® “ HoleHh'E &
SEOWETETI NEIEEHEOYEETIL PRIEFDYEETIL
(KDSA-T-58) GHERVDAMAH—) (BDORMBMAH—)

E _h W= h f= h c I A For Silicon, Ec=1.10eV and A= 1.12 ym
= FEDIRIVF— (E) [(EERRE () [SEEBI L
E(eV) =1.24/A (m) | 0 omE o) SRR 5.
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4. A A= OEERE
QA= H—DRARER (BREHD)

VG SR BOHI-HERSL.
VWG” DRIV —ZHINTEELN,

FIEREFFLTLEL
BB TEEL (R
\/i i | COBBERERFLLTETMETHS,
P VWVell: | coo nBRBIGESOEREDAEILS,
Fyi 1 i LAl BURE) M LRADESEEE

FOMBEROEEZE T HEERFLELT
B AEHCBBDEREN EE TR o =,

Vs

EREBODD
ZLDBFHKE

IR - R 5195 (GR) T (sea of electrons)

L]
S EEEEEEEEEEEEEEEEEEEER

---------------------------------------------

Sub

Empty Potential Well
HMENELDT
N fEE D BREICEFAH
[FEAEEELLEWLGR)
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4. A A= OENMERE

BBD 53X mode T
® Rmid ;g(;g;; 4-§_biéDR»>l\ﬂ [ %
s % T % T / Word Line
O O + +
o () I I
() T /2 T //\ Word Line
""_'_l__l_ 1,._l_|__._
) == | ==
Column Decoder
— MOS imager [EIRge&
i gonttroller DRAM[E] [ I [F
FICHERZEL TS,
Chip Size (cm?)
t chip size &5 FEY.
% (EEMLEREYE X
2F g EVEERBS.
__-—-SRAM
Q. -Z DRAM
SO
1T "o O.......
@ " Imager
1970 1980 1990 2000 2010

@AM B53% mode TEIMET S

2 x 2= 4 bit SRAM [E}&

S
) : - Q\ —— Word Line
23 [ [I<1] |L<l
& 8 b1y 3 -y 3
o /\ Word Line
S Y
1y g Ly —
Column Decoder
SRAM[E] % 0D & E ¥ (Cell)
- Controlle D—HOHHEES TS,
—I I £ E #Flip-Flop BB DR
ELEWMEZHREBIT IR
Ak Static ADZ Mg AL
RERARETH S,

Pixel Size ( pm?)

200

100 +

4 SRAM
DRAM
Imaqger A A x—Dpixel sizelE
BREXIBHICLTET
INSKIETERRLY,
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OCMOS A AT xr— BREFIZL--BHAIX, |#IE CCOAMADYy—IZBRAESIT-
Rl chorl-. SHEEE3M@EESFE (Correlated Double Sampling Hold [E13&
by M. White, 1972) IC&kY., #EENBBLEAICH AL ANILIZIESF-CEMRKELY,

S/H pulse Vag p MOS Transistor Switch ) ON/OFFE{E N
FF OFF
i A —{ B off A— + B
Vin I_l Vhﬂld | Ve=0 C “ UGT'DE =
VOUt A ON on A on B
CSH T V=V C ° ﬁ T
S pulse Source follower \ L wmosswiren Vo= Vy J/
7 B R ERBER
V;"_ S/H Vo > i B % Correlated Double Sampling Hold [B] 8%
S/ pulse 1 ES*’H pulse 2
P . . vV, \'A Anal
17E§|E0)S/H Slmgle Sampling Hold [E]§& AL 7 I i S P
pulse _ _
Lol | comvme — j:i}—@ Vo
n Vo PRRVEFREES > S/H —
R s ™ = V) ¢ oy

Vioid |-

S/H / I_I ]_[ I_I I—I_
L] — ] ] Ll - ¢ Wsm [] []

Image sensor DRESIIHBFTOPICELATINS !
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VGG =

4. A A=Y OEERE
History of DRAM Cell

ouT

Conventional DRAM Cell
before 1966

PG Li‘ht

Vdd

IN
WL/VOG

e .
FS

L J

ouT
R.H.Dennard (IBM 1966)

IN

|

WL

Hé‘rl
e

Vdd

VOG

o 2

ouT l

Bill Regitz (Honeywell 1969)

Intel 1101 @I1SSCC1970, Philadelphia.

History of Photo Diode Cell

ouT

PGEVOG .
.

l

ouT
£

Conventional Active Pixel Circuit
Photo Diode in 1966

Sony HAD 1975 = Sony Hole Accumulation Diode = Pinned Photo Diode (PPD) + VOD function

after Peter Nobel,1966~1968

Vdd —1—
_l_r |

HAD

Vdd

VOG

€ 4

ouT l
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OCCDA AT —&Y CMOSAATH— | Hubpifetve 24 DchipEiEY A HES

b‘ﬁ*‘] IMEOT:E EEI 'd: 1Elﬁ§l§jj N- @S2 @ Ve

DCMOS TOHVEBMEZ DB T, | . e oes (o2
CMOS inverterEI BN BETES, Giobarshutter| L s 2

Buffer Memory

cre1 | Gs1 x
PGe Vdd: Vout (i,j)

@ CMOS inverter[EI B R D KFHET L l
Bi¥E mode @ vin § v‘: =~ E
_L ~ h+ ydd : i I E': +—— e- +— e- +— e- | E—
GND e'{ Vout 'P‘/ p _Pinned Photo Diode Z N
[ s ~
- (sat) (sat) Back Light Back Light
@ CMOS inverterEER D A H 14544 @NPN transistor D EH{ERE
2
iﬁfdﬁﬂﬂ = a L\“"’ﬂ’“ ' < '.: - Vb
H— F T ¥ %*"ft@';rz';
d’-&“'i—: 4 2
Ve . _ Ut ‘%‘ oy o
= 0 Vibn f viner Vdd Emitter (N) Base(P) F;,, liollector "
Vi . 2 T
== ~“ q.ir . . v
-= (BE¥) BN A—Tt Y —EX 2 DR X Ve

h+ = (IEFL) CMOS &Bipolar DEE A H T TH B, —
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4. A A=Y DOHERE

P+PNPP+#% & 3 Buried Pinned Photodiode Z kL 1= EEBSE CMOS Image Sensor (2020)
HEERSE CCD Image Sensor (JAP 1975-127647)

Vgate Z R B - Vss - vdd | [vea(j) =
g @g P 8 .i Y7 - J
g : . £SG Rebe] ! BLj
L - +4 X 1—| 0|

S I

(N+]

ESG

0 Xo X1 X2 X3 Xa .
8 3 » o+ v E PPD | GSG | cTG | N+ fout [WLSGL)
@NormalceD * ¢ : / : D - . S S i
Charge Transfer Mode : @ -4 o .. Ve One Active Pixel Unit
.\ h " & e CTG: out :
v3! ' ey  &A...... Vm ' : :
‘ [ ed v
. s - ss = 7 P - e- -
S N [ AT g t
: : e.- L .‘.., ............ VB Eﬂ r IFJ;I{‘ N e_{; e_l : CTD
: ‘ & x{:f_-}H Pﬁ;_ E
@Global Shutter Mode e I P+P doping slope induced y j 02 ,f’
MOS Buffer Memory & “ * % Builtsin Barrier Electric Field ——%

vy . CTOY Foluntial el CMOS Image Sensor G)Hiﬁl(ZOZO)

Complete Charge Transfer
with No Image Lag

GSG C6: vi V2 Vv v

+Si02 TOP 3!|!! Processm ghlp
[ R ——N —_—
J?%P; V) @ Output
[ N _Jrele | ,E>CCDtype CTD = lﬂg_lnt_er_fﬂ ——
r P/ N
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O MA—TtUP—LREBRHMDEEREBIRECLEM,
EEZXGCRREDEREREIIES !

(1)EBIREE Vdd<0 (I§/S17 X mode) DIHBE

00 & Bodd &

e SRR o

i 00 QOO

PRSP OCALALAHBO A
, NV

+Vad

R
Vout

2)EJREE Vdd=GND=0 (NO/XA 7 X mode )\DIHE

!

P

REBRTHEERNHENS !

4. A A=Y DOHERE

| diode = | NP+ lphoto

3)EBIREE Vdd>0 (/1A 7R mode )DIHFE

T =
ottt
B R

ScEstHY
| diode

Load Line ;
z”; A
=

breakdown

@4 DDEIMEmode ENTLREKES ZMYHES,
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4. A A=Y DOHERE

ABEDBERARNINS L

LPD (um)

Light Penetration Depth

3

Relative Photon Power (W/um )

| Incident Light Wave Length | Alpm)
i

T T T
0.6 0.7

0.8’

1.01.1 1.3 1.6
Photon Wave Length [ pm )

E =1-] w - h f - h c I A For Silicon, Ec=1.10eV and A= 1.12 um
- HEAL12 pm L EOEARIMR ISR
E(eV) =1.247A(m) | 250 s axmEmcimancain,

0.7 0.8
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NP Single &R KEEith (TEEEE)

Reflected

Lght Light

5i02 5i02

Double PNP & & K& E ith (PPD#EIE) TIE
AELEMMICVLELEZ BRI, PNIESE
NPHES D double 12753, EDIZEREDEL
P+P;EEA)AC Hole Accumulation Diode(HAD)
BEICKY. FEATOREEXEMERLSA L,

4. A ;A= DOEERE
PNP Double ¥ & 24 K5 E ith (PPDIEE)

-

'--‘

I -323um **—323|-Im- f
Electric Flald

V(x)

Vm= EIBE? v

—45ﬂum — 450|.|rn —

N "
o —
I sz |\ i 0 _1_
1 23 456

PNP Double ESE KBEE D ELE
P+ p N p

S| - - - i) 4+ P 4 = = - I
UWE* ﬂx Xm= 1ﬂum

| Electric Field

§K1=E.?T||rn

i X2=5.90 pm
13 =0.37 ym

Vix)



Image Sensor Story 5. BN A= —LE?

Q@A —Tto—(BWLWEBFOBR)IZIEWAWALESLERAOENRIBANLETHS,
NI HEEE RS & ) & x| LEH20

z ; EFERELD
TOFa1TA53—~ (B, B. F. §8) B A TXNHEE BE
t:/-lj-_ ~(EsEs;s§s&m) [|]
)
I

{ E Actu atorsk:

[E Actuatorsk

5% I B 18
—F\UR

X
(8

ARIR ELEEL T, BEMIKIE S D KELADS,
RISt —&kUE, ERERZLET S
BEEEBOAEEINIKRESTHEETHS,

B A= 5 —
B AT Ll
AR DEkkER
DIRITIBIEITE D,

$45 4
AIPS BOX
o@ -

() f L Z
’ » AIPS High Perf H S
o A o 4\ igh Performance omf erver
\

58 [ i da o
S m S ot

'f AIPS=Artificial Intelligent Partner System |~

DARATLDOFH  see http:/lwww.aiplab.com /
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Q@M A—TH—(BULWVEFOBR)ICIHWAWALGZESLERADOB\ERADETHS,
@St Y —% 2l S TBAITAN 7 v F— L AT DAk BlockE D4 ‘ vdd

SA=HCell (CdS) EUH—SRTLOF 5= CLK clock &£ 2%
. RESET - -

FEE E ‘ HEBE ElLine CLK A3 EJRLLINE \ —
£ T - PulseGen(1) ——————> ) Y1 1 &CLK

iR J_ | Pulsel A7 Pulse 71_> Counter(l)r .7Y2 > AIBEE data
= E — N puisez | HEEE | x2 VYV > RiEEE

Eﬁ Pulsefien{z) | —| —> Counter(2) —_ l . i
= 1 la _a 1 L + maxy,
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I = RS BAER AW iz
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BRYDEERIT .. 960ATY ,
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1975-1982 Engineerin CCD Imagers and Camera System
1983-1989 Engineering Manager in SRAM/DRAM/ADC
1990-1998 General manager in Sony /NVM/MCU/PS1
1998-2008 Executive StaffSony Semiconductor
StrategicPlanning PS2/PS3

Mitsuo Saito (Toshiba)

Bob Guensey (IBM)

Ken Kutaragi

Yoshiiaki Hagihara
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Interline Transfer CCD Image Sensor Active in Pixel Amp CMOS Image Sensor
KAEBER DI T=FY(ch ket)Z
DOHEB B/ D MI=FY (charge packet)Z ®7‘%%;0)?§‘%§Eltgéggj el
%Fﬂﬁm?&é@nlzﬁﬁﬂ'é@ @%-#&FE D Global Shutter Memory~®
@EECCD register~OEEFR (fT&5) O LEXR(TEH) O FARBER—IERAHL,
RIFFERA—fEmA L, BFLE DEEHLEFAYPS L TIERIZERED
@147 LISIKFECCD register|< E R IBIEEIBR( Active Pixel [ %) TIESIEIEL T
ECCDEREmode THEASND, SR (bit line) N H T3, EEHKEL,
@ZKEFCCD registerD{E S BRI ZEIRRIC @& 512 (CDS=correlated double sampling) E1E& T
ReROUNERTH NS, CLOCK# EARES L, KEAAKFEESHIH A,
(KT HNWBOImFEECH/PMITT L, (EFD) CKTH#Z T REVMNENLLEIZEEAKELY,
FERCKTHENNS, ERETY EREWIRIRGC . A=A ESEAREBB LA,
_ HEHDIKBES L. ] AKPBKEE BRI EMBICRETH D,
I A RI<RF 4B B, CRIEKE CMOS Scaling Bi#ff D SHI= kY . WAL HREL .
[CREHBRBENAKZEL, CRIEMEICLDHBENANSL, GEAAL) .
,E;E.E:EH Vﬂfﬁcﬂ{ CCD shift register .:E:E#‘:‘ilfﬁ H#&-‘lf'ﬂ'ﬁ
— ] ' ] bit line (1) bitline(2) bitlne(®  bitline(4)
*é <a| <@ <A .0 -8 4 -3
=M (s 0| H .4 -a -a -8
E< = « @ -3 -3 -8
J<d |7l |23 |2 |4a =t~ -3 -3 -8
a«-ﬂﬁlwﬂflwﬂf’:l”«ﬂ -8 g o r-a
al'-a g L@ t-a l-al-a
a a4 4| cns@ﬂ%—»gﬂ =8 i el
e A S

t ¥ A R horizontal output ine )
I
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T EFXBEOMHLLD
EREERGEC, HkL
FEEOHEEZEHRT D,

SCCD ##:& & BCCDH#EE A%
ERXINBHIICIE BBDIEE
(NI L—ERiE) BéHoT-,
TORFERIZESE>F=h?
#5 BBDIEEMNEZTE-T-!

OV ANALZNARFIBE

FZEFIBIEE (A

PIN photo diode (Si)
pinned photo diode(Si)
Avalanche Photo Diode (Si)
= ER# FET (GaAs)
Gbps J&iE{E (InGaAs)
Stiz®ECell (CdS)

Appendix 02
ORFORPEMNORADFHERDOMHE
SHIZRFEENEETD !
n \' V Vi
B: C N, 0,
Al Siig Pis Sie
Zn Ga., Ge,, As.. Se.,
Cd.; In ,, Sn., Sh:, Te.,
Hgﬂﬂ- Ti g1 Pb 22 Bi a3 PDHq

OWAWALEERERESFEF ( CTD = Charge Transfer Device ) DiBiE

BBD (Bucket Brigate Device)

PCD (Plasma Coupled Device)
CSD(Charge Sweep Device)

CID (Charge Injection Device)

CPD (Charge Priming Device)

CCD (Charge Coupled Device)
CMD(Charge Modulation Device)
BASIS(Base-Stored Image Sensor)
MOS image Sensor (Passive, Original)
CMOS image Sensor (Active Pixel Sensor)
AMI (Amplified MOS Intelligent Imager)
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Appendix 03

OB ATt H—(E, ERICT [ERKEDLYDBHEERELES (BE) T TEK, EFOTFELIRHRZHRL
(Z1V53—Hhe) . DRGSR (T2 M T L (HEHREERE) . ARMZIRO=HDMPNEZBHRICEITT 5.

BN A=t —RBE DO DELELHRETE NIEE

@Dark Current (FFE ) DIEBE S

OEE/ 23— B DRSS

(1) ILEER (1) Clock# &

(2)REEBHK (2) Amp Offset 3

(3)E&m—VER (3) B XM (ERFAOAFBKRL .

(4)FURIVETR Photo Diode ERREERD 5.
OEFIEDORLE S REMEERTD)

(1)FEFRETDOAFINED K5 O HIMH NI E R IC X AMERERES B

(2) XY IT7OEREBRES (1) Correlated Double Sampling [E]#&

(3) A EEHEIH LIS TD BN (2) APS (Active Pixel Sensor) [E%

(4)ZBZEBATHOXYI7DBHES (3) AMI(Amplified MOS Intelligent ) [E]#&
OHF (SUFL)DIEFE N OENAMA—D LY —EHRD-HD

(1) Pavhis TOMDEZHREIEE

(2) BMSF (1) PN S BEICHFHH TS

(3) AvalancheiB |3 (2) MOSIEHE/EIEEMEE, 1> 7 —#BiF B

(4) 1F S (3) HHEEDRERBE

(5) resetiFH
@High Beam ( overflow, blooming ) #fl#4 &E

(3) A/DZE M [o] 5 AN BE
(4) HHEF DEENE
(56) (55 15# D C I8 7 (6] 55 A0 2
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Conventional DFT Sampling for N = 8

P ait) = cos (424)
T
1 | .-!‘} e ¥
ol1) ald) w8l al7) t
¢ e e >
0 5 T
2
o )
- al2) al6)

A[1=W[][]a[]1=(0,0.5,0,0,0,0.5,0,0)
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Time-wise Unequally ( 1/K ) Sampling Scheme for N = 8

1 a(t) = cos (“;—t)

| .0{7] .a[l]

o{1) t
- — -
0 [m‘ I T
LR
a!l)‘
o
als)

A[ ] =invH[ ][ Ja[ ] = ( 1.032, 1.5,0,0.0,-0.809,-0.5,-0.223,0 )
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: Results of Exact
L P+ P il N Numerical Computations
Ns Nd = 100
o 1 DIX) | 4= 0.409673
T Na i
7 Na =100000
°T X . X  La=0.040967
Nd |
p(x) = D(x) — P(V(x)) p(x) Ns = 10000000
| Ls=0.001295
+ Nd
= ) } -
) - H—% X At X1 =4.000000
| V1 = 0.034400
VB = kT In(Ns/Na) VRS /Aa
od b Xm X
, : At X4 = 6.969997
. W V4 =0.192693

At X5 = 7.000000
V5 =0.205674
At Xm=10
Vm =0.8803 V
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Exact Numerical Calculation of P+PNPP+ junction

Case(1) !
Ns = 20000 e/pm?3 J_—H o | o N e | m m,l.‘g
Na = 10000 e/pum?3 = ; o ,
Nd = 100e/pum3 CW “0
X1=3um Ns |  Ns
X5=7 Hm MNa | | MNa
X6 = 10um 04 | T a—
®Debye Length [ I T
Ld(Ns) = 0.028968 pum L 3 :
Ld(Na)= 0.040967 pm ? AN
Ld(Nd)= 0.409673 pm
@®Built-in Potential . | 1 ™ !
VB = kT In( NS/Na ) —_
= 0.017953 volt p(X) & + +
@Minimum Empty Potential Well 'I"
*

Vm =0.719341 volt 0y
®XP = 0.128 um ~ 3 Ld(Na) - - - -
@XPP = 0.097 um ~ 3 Ld(Ns)
®Vo = 0.008078 voltat X=X1=3 pum
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Exact Numerical Calculation of P+PNPP+ junction

Case(1) m =

Ns = 20000 e/um
~ 4 | ight
Na = 10000 e/pm P+ p N P P+ |siode—=—
Nd = 100e/pum3 —
- o ;
iz

“Ki=3um

. : ‘
X5 =7 um X1 X7 Xs Xs X1 0
X6 = 10um
Debye Length ’(X)
Ld(Ns) = 0.028968 um

Ld{Na)= 0.040967 pm
Ld(Nd)= 0.409673 pm
®Built-in Potential
VB = kT In[ NS/Na )
= 0.017953 volt
®@Minimum Empty Potential Well
Vm =0.719341 volt 0

Na

®XP = 0.128 um ~ 3 Ld(Na) -Nd
@XPP = 0.097 pm ~ 3 Ld(Ns)
®Vo = 0.008078 voltat X = X1 =3 pum
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Exact Numerical Calculation of P+PNPP+ junction

Case( 1) ;l
Ns = 20000 e/um3 = -
Na = 10000 e/pm> P+ P N p P+ [siode==
Nd = 100e/um3 —
AL RN s — —

| X5=7 um X1z Xu X7 Xs Xs X 0

| X6 = 10um }

@Debye Length [ 3 = U sorizrzmmszaiaes

Ld(Ns) = 0.028968 um
Ld(Na)= 0.040967 um
Ld(Nd)= 0.409673 um
@Built-in Potential
VB = kT In( NS/Na )
= 0.017953 volt \j
®Minimum Empty Potential Well
Vm =0.719341 volt
®XP = 0.128 pm ~ 3 Ld(Na) X1z Xu Xz Xs Xs X1 0
@®XPP = 0.097 um ~ 3 Ld(Ns)
®Vo = 0.008078 voltat X =X1=3 um

<
®

V(X)
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Exact Numerical Calculation of P+PNPP+ junction

Case(1) S e

Ns = 20000 e/pum3 o
Na = 10000 e/pm? P+ P N P P+ [sio2 <:g=:
Nd = 100e/um3 —
X1=3um — " N + + . -
X5 =7 um X2 X1 Xy Xe Xs X1 0
X6 = 10pum ) 4 X
®Debye Length p( ) + + Nd '+ + p( )
Ld(Ns) = 0.028968 pum |
Ld(Na)= 0.040967 um J | ‘
Ld(Nd)= 0.409673 pum 0 0
®Built-in Potential ! f l
VB = kT In( NS/Na ) - - - o=
= 0.017953 volt . .
®Minimum Empty Potential Well Space Charge Polarlzatlon
Vm = 0.719341 volt e R ——  —
®XP = 0.128 uym ~ 3 Ld(Na) 0(X)= D(X)- Hole(V);

@XPP = 0.097 um ~ 3 Ld(Ns)
®Vo = 0.008078 voltatX = X1 =3 um Hole(V) = Ns exp ( - V(X)/KT) ;
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Exact Numerical Calculation of P+PNPP+ junction

Case(1) =
Ns = 20000 e/pum3 1 E;_:‘: o
Na = 10000 e/pm3 p+ | P N P 1|1P+ |siode=
Nd = 100e/pm?3 — 1]
X1=3pm P ¢ + + - ot -
X5 =7 um X1z X1 X Xs Xs LX:: 0
X6 = 10um X tf -
@Debye Length X 1
Ld(Ns) = 0.028968 um !
Ld(Na)=0.040967 uym = [ " "°"°°777777 =--/’_} f
Ld(Nd)= 0.409673 um = —>! XPPig= VO
@®Built-in Potential I : {
VB = kT In( NS/Na ) VB [ BRSNS NS
= 0.017953 volt I :
@®Minimum Empty Potential Well l -’E XP, S o
| Vm =0.719341 volt i
®XP = 0.128 um ~ 3 Ld(Na) P+P Barrier Potential
@XPP = 0.097 um ~ 3 Ld(Ns)
®Vo = 0.008078 voltat X =X1=3 um V(X) V(X)
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