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# Resolution
4 4

@Analog TV

CCD Charge Transfer Efficiency < 99.999%

+«— 500H —

(]
CCD Charge Transfer

MAX 800H +500H
= 1300 Transfers

0.001 % x1300=1.3% Signal Loss

«— 800H —

800H x 500 V = 400,000 pixels

Human Eyes cannot
recognize the signal
loss and noise of
less than 3 % .
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# Resolution
4 4

@Digital TV
C000 6000H x 4000 V = 24,000,000 pixels

CCD Charge Transfer Efficiency < 99.999% Human Eyes cannot
recognize the signal

loss and noise of
CCD Charge Transfer less than 3 % .

o

MAX 6000H +4000H
= 10000 Transfers

: 0.001% x 10000= 10 % Signal Loss
............................................ > l» 0utput Circuit
- 6000H —
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S/N Ratio
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Dynamic Range
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Shutter

13



Image Sensor Story

Color Reality
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(1) N+P junction Photodiode
in 1960s
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(1) N+P junction Photodiode
in 1960s Vcre

Light S >
Si02 [ds

N+ e- =p=>e-e- —p>CTD
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Bad Image Lag] Psub Vd _9‘.5‘.‘..-..,..‘.‘ —

More Problem
Poor Blue Light Sensitivity Problem

————— 1 Light
I—H P P N N+ Small and Slow Current Flow
— = Vsl
\ /_ e /

de s lds
Vech] Qsig | 2> Vd

Qsig_ Finite Reset Readout Time

A causes the Image Lag
. .,
Single Junction N+P type Solar Cell T 5 > time
also has a very poor short wave
blue light sensitivity.
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(1) N+P junction Photodiode (2) Transparent Electrode CCD/MOS Photo Capacitor (1980)

in 1960s
Light q Light
Si02 i
N EPEP— N7 Si02
N+ e g>e-e —p>CTD ———"——="1, c1p
Bad Image Lag| Psub No Image Lag Psub

The CCD/MOS capacitor gives
J the Pinned Empty Potential Well
of the Buried Channel Region
for the (2) case.

Empty Potential with Fringing Electric Field
MOS/CCD
Photo Capacitor
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(1) N+P junction Photodiode (2) Transparent Electrode CCD/MOS Photo Capacitor (1980)
in 1960s

- Sony ICX-008 CCD chips (1980)
Light T Ll_ght ,F
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S PP — N7 si02

N+ e Jree —pCTD s mm

Bad Image Lag] Ppsyb Nolmagelag] Psub <ICX008>

XC-1 1980
Two-Chip Color Video
Camera

on ANA 747 Jumbo Jet

@ CCD/MOS Dynamic Photo Capacitor
with no image lag for action pictures

with Electric Shutter Function all solid state = robustness
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—_— The Pinned Surface P+ potential gives
the Pinned Empty Potential Well

y of the Buried Photodiode

for (3), (4) and (5) cases.

Empty Potential with Fringing Electric Field
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Photo Capacitor

CTG

(3) P+NPNsub $##& %! Photodiode (4) P+PNP $& 3 Photodiode (5) P+PNPN#Z & & Photodiode
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(1) N+P junction Photodiode (2) Transparent Electrode CCD/MOS Photo Capacitor (1980)

in 1960s
- Sony ICX-008 CCD chips (1980)
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@P+NPNsub Pinned Photodiode (JAP 1975-134985)
with VOD function and No Image Lag by Hagiwara (1975)
@ NPNsub with VOD function (JAP 1978-1971)
by Yamada at Toshiba (1978)

@ PNPsub Buried Photodiode (JAP 1980-138026)
by Teranish at Toshiba (1978)
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The actual 1978 Sony HAD sensor has the P+PN+Psub (0) Original N+P junction type Photo Sensor
Junction type Pinned Photodiode (PPD) sensor structure | With very poor short wave blue light sensitivity
for the excellent short wave blue light sensitivity.

1 T
Light | sio2| N+ | | Psub
]
1.0 l % E 1
0.8 - . . B
(1) Bip PNPsub junction type Photo Sensor
e with excellent short wave blue light sensitivity
' Light | Si02|P+|P EN+E i Psub
0.4r d L el [ o i
P : e U | i
L50nm - | =—— bip p-n-p-sub L .

o2l /' N—" 2 —=——-mos sonmpoly - -
L7 /7150nm 3 mos 150nmpoly (2,3) MOS Capacitor type Photo Sensor
AR ! i 1 . with fairly good short wave blue light sensitivity

400 - 500 600 700
' " I I
Fig. 7. Relative spectrum response. The relative response of the bipolar-type Light PolySi| Si02 i Depletion i Psub
5i02-P2-N1-P1-SUB structure is compared with poly-SiO2~N2-P(SUB) : ol - Region '
! |

structures of the polysilicon thickness of 50 and 150 nm. ‘;‘,‘,’J‘;ﬂ 4

Yoshiaki Hagiwara,"High Density and High Quality Frame Transfer CCD Imager with Very Low Smear, Low Dark h
Current and Very High Blue Sensitivity", IEEE Transaction on Electron Devices, Vol 43, no. 12, December 1996
http://www.aiplab.com/P1996 _Pinned_Photodidoe_used in_Sony 1980 FT_CCD_Image_Sensor.pdf
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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

| 1]

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 Si02 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.

Image Sensor Story
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(1) Light (Jc) VOD (Je) type Pinned Photodiode
Japanese Patent 1975-134985

Hole Accumulation Diode (HAD) = Pinned Photodiode with VOD function

F i-E : E Both sides of the PNP junction are pinned.
e R € pinned
Pinned_% - .
A WO ' Light
voD & {— Light
HAD

Empty Potential Well
with no Image Lag

Hagiwara invented in 1975 the in-pixel vertical overflow drain (VOD) in PNP Pinned Photodiode.

Image Sensor Story
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(2) Light (Je) VOD (Jc) type Pinned Photodiode
Japanese Patent 1975-134985

Hole Accumulation Diode (HAD) = Pinned Photodiode with VOD function

F i-E : E Both sides of the PNP junction are pinned.
e R € pinned
Pinned_% - .
A WO ' Light
voD & {— Light
HAD

Empty Potential Well
with no Image Lag

Hagiwara invented in 1975 the in-pixel vertical overflow drain (VOD) in PNP Pinned Photodiode.
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(3) Light (Jc) VOD (Jc) type Pinned Photodiode
Japanese Patent 1975-134985

Hole Accumulation Diode (HAD) = Pinned Photodiode with VOD function
F - E Both sides of the PNP junction are pinned.
IB- Oy !

HAD

Empty Potential Well
with no Image Lag

Hagiwara invented in 1975 the in-pixel vertical overflow drain (VOD) in PNP Pinned Photodiode.
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(4) Light (Je) VOD (Je) type Pinned Photodiode
Japanese Patent 1975-134985

Hole Accumulation Diode (HAD) = Pinned Photodiode with VOD function
F - E Both sides of the PNP junction are pinned.
IB- Oy !

HAD

Empty Potential Well
with no Image Lag

Hagiwara invented in 1975 the in-pixel vertical overflow drain (VOD) in PNP Pinned Photodiode.
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(4) Light (Je) VOD (Je) type Pinned Photodiode
Japanese Patent 1975-134985

Hole Accumulation Diode (HAD) = Pinned Photodiode with VOD function
Both sides of the PNP junction are pinned.

Fig‘ 6Light o { 1

el ﬁilfs e e LS pimned
Pinned % ' » 'JII-
YOO _._._‘_J
Light
S_
vOoD &

......

HAD

Empty Potential Well
with no Image Lag

Light(Je) type Pinned Photodiode

Je side is used for light illumination
VOD(Je) type Pinned Photodiode

Je side is used for VOD action

VOD metal contact is optional. If the surface VOD is not needed, the VOD metal contact
can be deleted and the surface P+ can be connected to the adjacent P+ channel stops.

Image Sensor Story
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PPD needs P+ Channel Stops.
Fig. 5 of the Japanese Patent Application JPA 1975-134985 shows

the P+NP double junction type Pinned Photodiode with the VOD function
+VOD > 0 CTG CCD

P+

P sub

VOD metal contact is optional. If the surface VOD is not needed, the VOD metal contact
can be deleted and the surface P+ can be connected to the adjacent P+ channel stops.

29
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PPD needs P+ Channel Stops.
Fig. 5 of the Japanese Patent Application JPA 1975-134985 shows

the P+NP double junction type Pinned Photodiode with the VOD function

+VOD > 0 VOD >0 CETG CECD
— | | sz E
P+ as Pt
P+ e-e-e-e-e-e-; N P
=

VOD metal contact is optional. If the surface VOD is not needed, the VOD metal contact

can be deleted and the surface P+ can be connected to the adjacent P+ channel stops. 2

Image Sensor Story



PPD needs P+ Channel Stops.
Fig. 5 of the Japanese Patent Application JPA 1975-134985 shows

the P+NP double junction type Pinned Photodiode with the VOD function

+VOD > 0 VOD >0 CETG CECD
~ __I | sz E
P+ as Pt
P+ e-e-e-e-e-e-; N P
an:r

: : Pinned
+VOD >0 Buried
L ¥ Empty
Potential
Level
controlled
by + VOD

VOD metal contact is optional. If the surface VOD is not needed, the VOD metal contact

can be deleted and the surface P+ can be connected to the adjacent P+ channel stops. 31
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PPD needs P+ Channel Stops.
Fig. 5 of the Japanese Patent Application JPA 1975-134985 shows

the P+NP double junction type Pinned Photodiode with the VOD function

+VOD > 0 §° 5P

P sub

e- - e-e-6-6-
Pinned
Buried
Potential

Level
controlled
by VOD

This fixed charge does not
contribute to the Image Lag.

VOD metal contact is optional. If the surface VOD is not needed, the VOD metal contact
can be deleted and the surface P+ can be connected to the adjacent P+ channel stops.
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PPD needs P+ Channel Stops.
Fig. 5 of the Japanese Patent Application JPA 1975-134985 shows

the P+NP double junction type Pinned Photodiode with the VOD function

+VOD > 0 §° 5P

P sub

Pinned
Buried

Potential wlp-
Level

controlled

by VOD

This fixed charge does not
contribute to the Image Lag.

VOD metal contact is optional. If the surface VOD is not needed, the VOD metal contact
can be deleted and the surface P+ can be connected to the adjacent P+ channel stops.

Image Sensor Story

33



Fig. 5 of the Japanese Patent Application JPA 1975-134985 shows

the P+NP double junction type Pinned Photodiode with the VOD function
PPD needs P+ Channel Stops.

+VOD >0 oD >0 TG ccp
2 a .
@ rrrEmssnssssssssrEEEEEEEnnnn > a— — : | = S
' [ I - 2
P+ as P+
P+ e-e-e-e-e-e- N .
a’ ¥

e- - e-e-6-6-
Pinned
Buried
Potential

Level
controlled
by VOD

This fixed charge does not
contribute to the Image Lag.

VOD metal contact is optional. If the surface VOD is not needed, the VOD metal contact

can be deleted and the surface P+ can be connected to the adjacent P+ channel stops. 2
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Fig. 5 of the Japanese Patent Application JPA 1975-134985 shows

the P+NP double junction type Pinned Photodiode with the VOD function
PPD needs P+ Channel Stops.

+VOD > 0 oD >0 cTG ccp
%—I —_ -I ___sio2 —_-E
P+ a. P+
P+ e-e-e-e-e-e- N P+
a’ ¥
— P sub

Pinned
Buried

Potential wlp-
Level

controlled

by VOD

This fixed charge does not
contribute to the Image Lag.

VOD metal contact is optional. If the surface VOD is not needed, the VOD metal contact

can be deleted and the surface P+ can be connected to the adjacent P+ channel stops. %5
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Fig. 5 of the Japanese Patent Application JPA 1975-134985 shows
the P+NP double junction type Pinned Photodiode with the VOD function

+VOD > 0 PPD needs P+ Channel Stops. . CEDS
VoD >0
T— _ ﬁ 'ﬁsigz S
P+ s P
P+ I e—e—e—e—e—ea—g I N P E+
i
P sub
P sub
....................................... I = M
: : Pinned |~ |
+VOD > 0 Buried .~ This fixed charge does
i Empty not contribute to
evel
Potential i the Image Lhg.
Level ™\ e-e-e-e-@-¢-
controlled |4 This fixed charge does not
by + VOD This fixed charge gégs

/ not contribute to
"""""" the Image Lag.
VOD metal contact is optional. If the surface VOD is not needed, the VOD metal contact
can be deleted and the surface P+ can be connected to the adjacent P+ channel stops.
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SONY HAD ( Pinned Photodiode ) Publications at the International Solid State Device
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.

[-_Snnv original 570H x 498 V one-chip FT CCD Image Sensor with Pinned Photodiode, July 1980 ._

P+NP Junction Pinned Photodiode
((Noimage Lag | S P+ Channel Stops

=g fiba

PPD needs P+ Channel Stops.
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

Image Sensor Story
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P+NP/Sub junction type Pinned Photo Diode

invented by Hagiwara at Sony in Japanese Patent 1975-134985.
(4) Light (Je) VOD (Je) type Pinned Photodiode

Film 1975-134985  Filed 1975/11/10
Public 1975058414 Public 1977/05/13 Japanese Patent 1975-134985
Grant 1983/10/19 Hole Accumulation Diode [HAD&; fl?;:: ;ﬂmwgellm :Ioanr:u?nctrisg
Patent Claim in English Translation Fig.6,.. ¢ e e
1) Tn the semiconductor substrate leuEi, the s R he Pe LS pinned
- . - . - = Pinned % ~I N » ﬁ‘o
first region( Pwell ) of the first impurity type is A woo |
formed, (2) on which, the second region (N ) Light
of the second impurity type is formed. (3) The vop A=
charge (e-) from the light collecting part (N/Pwell B Je

Junction ) is transferred to the adjacent charge
transfer device (CTD). (4) Both are placed along
the main surface of the semiconductor substrate. (4) Light(Je)VOD(Jc) (1) Light(Jc) VOD(Je)
(5) In the solid stare image sensor so defined,

a rectifying Emitter junction ( Je ) is formed on

Main Surface

the second region (N) of the light collecting part Jeo P ‘;I' D Nsub
(N/Pwell) , (6) forming a PNP Junction type : N €e-

transistor structure with the N/Pwell junction as Je »1 Pwell voD

Collector junction ( Jc ). (7) The charge, stored 2 ‘ ‘ P

in the Base region (N) according to the illuminated VOD Je N e-

light intensity, is transferred to the adjacent CTD. JC ==Ppi

The solid state image sensor so defined is in the Nsub Pwell CTD
scope of this patent claim. Main Surface

Visit https://www.j-platpat.inpit.go.jp/ and type Japanese Patent Number 1975-134985
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P+NP/Sub junction type Pinned Photo Diode

invented by Hagiwara at Sony in Japanese Patent 1975-134985.

Cile 1975134085  Filed 1975/11/10 (1) Light (Jc) VOD (Je) type Pinned Photodiode
Public 1975058414  Public 1977/05/13 ’ Patent 1975-134985
. a ?f‘lﬂ‘l 1?53’ lu” 19 :)maﬁti’o:)iode(:;\n}.::imed Photodiode with VOD function
Patent Claim in English Translation Fig. 6 i ki g
[1) Tn the semiconductor substrate [Nsub), the e & ) PMe Me L$rme
first region( Pwell ) of the first impuri i et g L = =t
irst region( ) of the impurity type is A woo | S L

formed, (2) on which, the second region (N ) e
of the second impurity type is formed. (3) The JQJ <= Light

voD A —=
charge (e-) from the light collecting part (N/Pwell B 5 HAD
Junction ) is transferred to the adjacent charge
transfer device (CTD). (4) Both are placed along
the main surface of the semiconductor substrate. (4) Light(Je)VOD(Jc) (1) Light(Jc) VOD(Je)
(5) In the solid stare image sensor so defined,

a rectifying Emitter junction ( Je ) is formed on Main Surface

the second region (N) of the light collecting part Jeo P ‘;I' D Nsub
(N/Pwell) , (6) forming a PNP Junction type : N €e-

transistor structure with the N/Pwell junction as Je »1 Pwell voD

Collector junction ( Jc ). (7) The charge, stored 2 ‘ ‘ P

in the Base region (N) according to the illuminated VOD Je N e-

light intensity, is transferred to the adjacent CTD. Jc =P

The solid state image sensor so defined is in the Nsub Pwell CTD
scope of this patent claim. Main Surface

Visit https://www.j-platpat.inpit.go.jp/ and type Japanese Patent Number 1975-134985
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P+NP/Sub junction type Pinned Photo Diode

invented by Hagiwara at Sony in Japanese Patent 1975-134985.

File 1975-134985  Filed 1975/11/10
Public 1975058414  Public 1977/05/13
Grant 1983/10/19

Patent Claim in English Translation

[II In the semiconductor substrate leuEi,

(1) Light (Jc) VOD (Je) type Pinned Photodiode
Japanese Patent 1975-134985

Hole Accumulation Diode (HAD) = Pinned Photodiode with VOD function

- Both sides of the PNP junction are pinned.
Fig. 6 N
g - B
me®m & ]l PMe P Pinned
Pinned % Pl N TP e
Voo | ] Light

o~ pt
vOD ‘—E:"\““ <:I Light

2 22 e_J ggg HAD

with no Image Lag

(4) Light(Je)vOD(Jc) (1) Light(Jc) VOD(Je)

Nsub

Nsub

Visit https://www.j-platpat.inpit.go.jp/ and type Japanese Patent Number 1975-134985
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P+NP/Sub junction type Pinned Photo Diode

invented by Hagiwara at Sony in Japanese Patent 1975-134985.

File 1975-134985  Filed 1975/11/10
Public 1975058414  Public 1977/05/13
Grant 1983/10/19

Patent Claim in English Translation

[II In the semiconductor substrate leuEi, the
first region( Pwell ) of the first impurity type is
formed,

Image Sensor Story

(1) Light (Jc) VOD (Je) type Pinned Photodiode
Japanese Patent 1975-134985

Hole Accumulation Diode (HAD) = Pinned Photodiode with VOD function

- Both sides of the PNP junction are pinned.
Fig. 6 N
g - B
me®m & ]l PMe P Pinned
Pinned % Pl N TP e
voO 1 ] Light

o~ pt
vOD -‘—E:‘\““ ¢:| Light

2 22 e_J ggg HAD

with no Image Lag

(4) Light(Je)vOD(Jc) (1) Light(Jc) VOD(Je)

Nsub

Pwell

Nsub Pwell

Visit https://www.j-platpat.inpit.go.jp/ and type Japanese Patent Number 1975-134985
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P+NP/Sub junction type Pinned Photo Diode

invented by Hagiwara at Sony in Japanese Patent 1975-134985.

File 1975-134985  Filed 1975/11/10
Public 1975058414  Public 1977/05/13
Grant 1983/10/19

Patent Claim in English Translation

1] Tn the semiconductor substrate [Nsub), the
first region( Pwell ) of the first impurity type is
formed, (2) on which, the second region (N )
of the second impurity type is formed.

Image Sensor Story

(1) Light (Jc) VOD (Je) type Pinned Photodiode
Japanese Patent 1975-134985

Hole Accumulation Diode (HAD) = Pinned Photodiode with VOD function

- Both sides of the PNP junction are pinned.
Fig. 6 N
g - B
me®m & ]l PMe P Pinned
Pinned % Pl N TP e
voO 1 ] Light

o~ pt
vOD -‘—E:‘\““ ¢:| Light

2 22 e_J ggg HAD

with no Image Lag

(4) Light(Je)vOD(Jc) (1) Light(Jc) VOD(Je)

Nsub
N
Pwell
N
Nsub Pwell

Visit https://www.j-platpat.inpit.go.jp/ and type Japanese Patent Number 1975-134985
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P+NP/Sub junction type Pinned Photo Diode

invented by Hagiwara at Sony in Japanese Patent 1975-134985.

File 1975.134985  Filed 1975/11/10 (1) Light (Jc) VOD (Je) type Pinned Photodiode
Public 1975.058414  Public 1977/05/13 Japanese Patent 1975-134985
. a ?l"ﬂﬂl 1?53" la"' 19 Hofﬁ:cumulafion Diode (HAD) =Pir_'med Photodiod?withVODfuz]cticn
Patent Claim in English Translation Fig. 6 o “““{‘""“"f“‘;"“"‘“"d’"“ pranm
[1) Tn the semiconductor substrate [Nsub), the e & ) PMe Me L$rme
first region( Pwell ) of the first i i i e o ) s o
irst region( ) of the first impurity type is A weso | ="

formed, (2) on which, the second region (N ) e
of the second impurity type is formed. (3) The JQJ <= Light

VoD A—=
charge (e-) from the light collecting part (N/Pwell B 5 HAD
Junction ) is transferred to the adjacent charge

transfer device (CTD).
(4) Light(Je)vOD(Jc) (1) Light(Jc) VOD(Je)

CTD
Nsub
N et
Pwell
N e-
Nsub Pwell CTD

Visit https://www.j-platpat.inpit.go.jp/ and type Japanese Patent Number 1975-134985
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Image Sensor Story

P+NP/Sub junction type Pinned Photo Diode

invented by Hagiwara at Sony in Japanese Patent 1975-134985.

File 1975.134985  Filed 1975/11/10 (1) Light (Jc) VOD (Je) type Pinned Photodiode
Public 1975058414  Public 1977/05/13 Japanese Patent 1975-134985
. a ?m 1?53! lu” 19 Hotﬁ:cumulafion Diode (HAD) =Pir_med Photodiod?withVODfuz]cticn
Patent Claim in English Translation Fig. 6 o “““{‘""“"f“‘;"""‘“"d’"“ PR
[1) Tn the semiconductor substrate [Nsub), the e & ) PMe Me L$rme
first region( Pwell ) of the first i i i - v had B %
irst region( ) of the first impurity type is A woo [ o S i

formed, (2) on which, the second region (N ) e
of the second impurity type is formed. (3) The JQJ <= Light

VoD A—=
charge (e-) from the light collecting part (N/Pwell B 5 HAD
Junction ) is transferred to the adjacent charge

transfer device (CTD). (4) Both are placed along _ :
the main surface of the semiconductor substrate. (4) Light(Je)VOD(Jc) (1) Light(Jc) VOD(Je)

Main Surface

CTD
Nsub
N et
Pwell
N e-
Nsub Pwell CTD

Main Surface
Visit https://www.j-platpat.inpit.go.jp/ and type Japanese Patent Number 1975-134985
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P+NP/Sub junction type Pinned Photo Diode

invented by Hagiwara at Sony in Japanese Patent 1975-134985.

File 1975.134985  Filed 1975/11/10 (1) Light (Jc) VOD (Je) type Pinned Photodiode
Public 1975058414  Public 1977/05/13 Japanese Patent 1975-134985
. a ?m 1?53! lu” 19 Hotﬁ:cumulafion Diode (HAD) =Pir_med Photodiod?withVODfuz]cticn
Patent Claim in English Translation Fig. 6 o “““{‘""“"f“‘;"""‘“"d’"“ PR
[1) Tn the semiconductor substrate [Nsub), the e & ) PMe Me L$rme
first region( Pwell ) of the first i i i - v had B %
irst region( ) of the first impurity type is A woo [ o S i

formed, (2) on which, the second region (N ) e
of the second impurity type is formed. (3) The JQJ <= Light

VoD A=
charge (e-) from the light collecting part (N/Pwell B 5 HAD
Junction ) is transferred to the adjacent charge
transfer device (CTD). (4) Both are placed along
the main surface of the semiconductor substrate. (4) Light(Je)VOD(Jc) (1) Light(Jc) VOD(Je)
(5) In the solid stare image sensor so defined,

a rectifying Emitter junction ( Je ) is formed on Main Surface

the second region (N) of the light collecting part Je P 'CTD Nsub
{N}'Pwell) v i N e'
Pwell
P
Je N e-
Nsub Pwell | cTp

Main Surface
Visit https://www.j-platpat.inpit.go.jp/ and type Japanese Patent Number 1975-134985
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P+NP/Sub junction type Pinned Photo Diode

invented by Hagiwara at Sony in Japanese Patent 1975-134985.

File 1975.134085  Filed 1975/11/10 (1) Light (Jc) VOD (Je) type Pinned Photodiode
Public 1975058414  Public 1977/05/13 Japanese Patent 1975-134985
. a ?f‘lﬂ‘! 1?53, lu” 19 Hotﬁ:cumulation Diode (HAD) =Pir_med Photodiod?withVODfuz]ction
Patent Claim in English Translation Fig. 6 o “““{‘""“"f“‘;"""‘“m"" PR
[1) Tn the semiconductor substrate [Nsub), the e & ) PMe Me L$rme
first region( Pwell ) of the first i i i - v had B %
irst region( ) of the impurity type is A wes | I Lot

formed, (2) on which, the second region (N ) e
of the second impurity type is formed. (3) The ]QJ <= Light

voD A —=
charge (e-) from the light collecting part (N/Pwell B 5 HAD
Junction ) is transferred to the adjacent charge
transfer device (CTD). (4) Both are placed along
the main surface of the semiconductor substrate. (4) Light(Je)VOD(Jc) (1) Light(Jc) VOD(Je)
(5) In the solid stare image sensor so defined,

a rectifying Emitter junction ( Je ) is formed on Main Surface

the second region (N) of the light collecting part Je P CTD Nsub
(N/Pwell) , (6) forming a PNP Junction type N e
transistor structure with the N/Pwell junction as Je Pwell
Collector junction ( Jc ). P
Je
N e-
Nsub Jc =
su Pwell CTD

Main Surface
Visit https://www.j-platpat.inpit.go.jp/ and type Japanese Patent Number 1975-134985
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P+NP/Sub junction type Pinned Photo Diode

invented by Hagiwara at Sony in Japanese Patent 1975-134985.

Cile 1975134085  Filed 1975/11/10 (1) Light (Jc) VOD (Je) type Pinned Photodiode
Public 1975058414  Public 1977/05/13 ’ Patent 1975-134985
. a ?f‘lﬂ‘l 1?53’ lu” 19 :)maﬁti’o:)iode(:;\n}.::imed Photodiode with VOD function
Patent Claim in English Translation Fig. 6 i ki g
[1) Tn the semiconductor substrate [Nsub), the e & ) PMe Me L$rme
first region( Pwell ) of the first impuri i et g L = =t
irst region( ) of the impurity type is A woo | S L

formed, (2) on which, the second region (N ) e
of the second impurity type is formed. (3) The JQJ <= Light

voD A —=
charge (e-) from the light collecting part (N/Pwell B 5 HAD
Junction ) is transferred to the adjacent charge
transfer device (CTD). (4) Both are placed along
the main surface of the semiconductor substrate. (4) Light(Je)VOD(Jc) (1) Light(Jc) VOD(Je)
(5) In the solid stare image sensor so defined,

a rectifying Emitter junction ( Je ) is formed on Main Surface

the second region (N) of the light collecting part Jeo P ‘;I' D Nsub
(N/Pwell) , (6) forming a PNP Junction type : N €e-

transistor structure with the N/Pwell junction as Je »1 Pwell voD

Collector junction ( Jc ). (7) The charge, stored 2 ‘ ‘ P

in the Base region (N) according to the illuminated VOD Je N e-

light intensity, is transferred to the adjacent CTD. Jc =P

The solid state image sensor so defined is in the Nsub Pwell CTD
scope of this patent claim. Main Surface

Visit https://www.j-platpat.inpit.go.jp/ and type Japanese Patent Number 1975-134985
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P+NP/Sub junction type Pinned Photo Diode

invented by Hagiwara at Sony in Japanese Patent 1975-134985.

(4) Light (Je) / VOD (Je) type (1) Light (Jc) VOD (Je) type Pinned Photodiode
Japanese Patent 1975-134985

Hole Accumulation Diode (HAD) = Pinned Photodiode with VOD function

- Both sides of the PNP junction are pinned.
Fig. 6 N
g - B
me®m & ]l PMe P Pinned
Pinned % Pl N TP e
Voo | ] Light

-, ﬁ {— Light
. ' B"°° - AW AL "HAD
Light(Je) Je side is used for light illumination

VOD(Jc) Jc side is used for VOD action
(4) Light (Je) VOD (Je) type Pinned Photodiode (4) Light(Je)VOD(Jc) (1) Light(Jc) VOD(Je)

Japanese Patent 1975-13498S ")  Light 1 Main Surface
Fi; 6 '° jﬂ éozth;?a‘:s ofa‘gpﬁpﬁu‘:ﬁm 0 e P CTD Nsub
i . 4 Je p su
H b cPinmad N e-
s IS ~— =
Light d P
=t VOD Je

a - N e-
o A e mao v | T
E|:npty Potential Well Pwe" CTD
it no Imege 129 Main Surface

Light
Visit https://www.j-platpat.inpit.go.jp/ and type Japanese Patent Number 1975-134985
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Finally the Sony-Fairchild Patent Wat(1991-2000) ended over the Sony HAD Sensor
which is identical to the P+NPNsub junction type Pinned Photodiode

with Vertical Overflow Drain, originally invented by Hagiwara at Sony in 1975.

And finally Hagiwara received for his
SONY 1975-134985 Japanese Patent officially,
the First Patent Award from Mr. Ando,

20005 X
gﬁ%; !n!' Sony president in April, 2001 after more
s

26 years of struggles since his invention.
Dynamic Photo Transistor Operation
1 . Proposed by Hagiwara at Sony in 1975

Emitter _Back
BN AR W

LL1aE SFAESLAL
S L1 g

ARVIUEML AR LLURANC LY
RUHCMLBECARYBY 2 LEDT

SVeEaTCE O G Back Light — Image Lag Free
Sub S ]
CSLEEREMYChERLEY .—: Sub N;"b:'r"ﬁ:b cnmg::te
majority
Fe il FEF 11 Voo €CD or CMOS Carrier
P | type charge charge
Jo—e tronwier device Extraction
N i e From the
L I is possible.
. & 2. ‘;k Front Light Wafer Front Side
Image Sensor Story - ' = =
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Japanese Patent JPA 1977-126885 on Electrical Shutter Clocking Scheme
invented by Y. Hagiwara, S. Ochi and T. Hashimoto in 1977.

Fig. 3 CCD/MOS Photo Capacitor

e o o -

5.:"““" ‘s
* 7'1 gccn?
AULE. g b

OFD_ F|g 8 Gamma Control Mode

Punch thru C_IG

s Tnds g Tl :
o .\;L —A _j
CCD
Fig. 12 Electric Shutter Mode
)| 12 B4
oFp  Complete Charge Transfer

and no image lag
Image Sensor Story

Pinned Photodiode with VOD function

The electric
shutter
clocking

scheme with
the complete
draining of
signal charge
with the no
image lag
feature can be
achieved
by controlling
the overflow
drain (OFD)
punch-thru
voltage.

CCD type
c1G
G“I“ ~| i Icm

N P

L™
ofp  Fia.7 cco

o ]"L*;:-- ]

: N ’ 1|l . !

. | Nolmagelagi _
ofo Fig. 8 ccD

s 1Z g

o=y J"Lﬁ. f
\ Flg 12 E{:D
Punch-thru Mode

VoD

‘e, Tor Electric Shutter Operation

OFD
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The Pinned Photodiode (Sony Original HAD sensor) Structure

HADt ¥
1964 fF

HAD (Hole Aecumulation Diode)
SATER. £ rorBBE LN
(ERTAUE HAD Sensor O3 3R 490F 1975-134985 ) iR
W vor2—DIRYEF 1977-126885 A0~ J6k- pe
12 =
- ‘
) L, i
=\
i "'-\.h L
. Pur;ch Thru

1977-126885 Fig, 12
Electric Shutter Mode

«~ Color Fliter =

1975-134985 Sony HAD =VOD + PPD

151 P-Well

n-substrate
] —
- I o
Vertical Readout Pnolo Diode Channe
CCD Gale (HAD soenson Slop

( from SONY Product Catalog )

Image Sensor Story

Electric Shutter Basic Patent Award
from Sony President Idei to Yoshiaki Hagiwara

for Japanese Patent 1977-126885 by Hagiwara

Iy

RV KA
| RS R

- a LT W ELT TR ]
meamauR
.

PS4 L LT T ¢ T
AR ARFPF Lt BOLEETOT
ZICARERYIRRELET
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Image Sensor Story

P+P Doping Slope Barrier Potential Ve

TIIIILELL] LLLL L L TTT] T

-

EpaRgEEnEd
(1]

[T ]]
¥

]

(IIRE]
L]
FiEREREEN

p(x) LI p(x) = D(x) + hole(x)
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lLPD{F""]

Sl Drift Field Transistor
10 =
1 b
0.1 f=== e

-

0.01p

VE

r
¥
¥
¥
'l
¥
"
W
.
¥
.
o
.
I
il

| Incident Light Wave Length | A(mum)
T T T I >
0.4 0.5 0.6 0.7

Figure 7 of JAP 1975- 12?54;?'1“ 4 _ Figure 6 of JAP 19?5-1345?85
T NN NOT  mem i
23 %, Potential Grnundnd-\r : ;pfrnunded
{i;_kf ~ High Blue Light QE ’ "-:':Z.fl .
1i i 1§ . & i "’"""" No Surface Dark Current
5 ' urface i \nJ—"* ——]!

4 ight
rHigh Blue Light QE
No Image Lag

Hagiwara invented PNP junction type PPD in 1975 with
(1) blue light 100% QE, (2) No Surface Dark Current and
(3) No Image Lag, Complete Charge Transfer features.

Current Empty Potential Well
Global Shuttep= & .

: Empty Potential Well
i 1 1 with No Image Lag

Image Sensor Story
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Japanese Patent 1975-127646

N+NP+NP junction type Buried Pinned Photodiode
with Built-in MOS Capacitor Buffer Memory Global Shutter Function
and the surface N+N doping slope Barrier Electric Field Photo Pair Generation

The First Japanese PPD Patent Application JPA 1975-127646 was applied
for the back light illumination type Pinned Photodiode (PPD) image sensors
with the CCD/MOS capacitor type buffer memory for Global Shutter Function
which is a very important function needed for Modern CMOS Image Sensors.

Global Shutter MOS VG i % gﬁ:‘: J¥ ST 1@ 1Ga
Capacitor Buffer Memor;-"-"'-‘ * o e I G ¥ -

; i > Pinned
Sl:z — (9 |CTD A :?— 'E " o \.-J”- e ot N+ surface
i Vy=Z
cTG E N /o ~1l = - j:% Blue Light
Vibaie Pt .{ .
R B e ,
N+N Pinned Vpin| LBl -J Blue Light
Surface N+ [ v, Pinned
U @ N+ surface
Blue Light s :
som Tatebe™ oo\ B P e
el Bl ol B CCD Charge %Burled i '
I W i ‘= Transfer Mndﬁ‘_\u Charge || for Pair Separation
- T CTGMOS Buffer Memory Sturage o
? e+ e+ f‘ e Pinned 1
d £ o { Surface @ D w ? ﬁ
— L - Global Shcrtter Fig. 7
’ c Mode
Double Junction Dynamic Photo Transistor (PPD)  Triple Junction Dynamic Photo Thyristor (HAD)

invented in 1975 by Hagiwara at Sony. invented in 1975 by Hagiwara at Sony.

See Japanese Patent Application JPA 1975-127646, 1975-127647 and 1975-134985

Image Sensor Story
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GI""’E}T‘“ Japanese Patent 1975-127647 Crnplata Capn

N+NP+N junction type Buried Pinned Photodiode No Image Lag
with Built-in MOS Capacitor Buffer Memory Global Shutter Function
and the surface N+N doping slope Barrier Electric Field Photo Pair Generation

This Japanese PPD Patent Application JPA 1975-127647 was also applied
for the back light illumination type Pinned Photodiode (PPD) image sensors
with the CCD/MOS capacitor type buffer memory for Global Shutter Function
which is a very important function needed for Modern CMOS Image Sensors.

Global Shutter MOS wE 13 2 Blue Light
Capacitor Buffer Memory va 2 -l !_ ) ot Pi d
"‘--.* A A~ = bt & inne
i — 2 z N+ surface
Buried P+ N D = i : i
region =& | r'#""l:_;'] REEE e -’ Fr—.
m D Pinned TR "= pinned
VPI" N+ s &""'-Surface i : i 1 fis? N+ Surface
si02 E E i
Back Lig c 1
iy 6 1™ ﬁlue 17 NN P g Ra G\‘f:'? —
2 Rl gl L] 1 H -
Fig. 6 “'.f" #ﬂ$' S i e T A~ &P Blue Light
S 20 il D
= @ i N+N Pinned Surface
e hos Wte i i i/ Complete Charge Barrier Electric Field

d }’ ’)’ gF M"Y GlobalShutter *~af Transfer Mode fOr Pair Separation
Od i |f ..f’! No Image Lag T
Pinned i lﬁ

CN I e S |

- i Lc s Flg 7
Double Junction Dynamic Photo Transistor (PPD)  Triple Junction Dynamic Photo Thyristor (HAD)
invented in 1975 by Hagiwara at Sony. invented in 1975 by Hagiwara at Sony.

I See Japanese Patent Application JPA 1975-127646, 1975-127647 and 1975-134985
mage Sensor Story
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Japanese Patent 1975-134985
Pinned Photodiode and Sony Hole Accumulation Diode (HAD)

Pinned Surface Double Junction P+NP Dynamic Photo Transistor in the silicon substrate (Nsub)
Pinned Photodiode with the vertical overflow drain (VOD) function in the silicon substrate (Nsub)

PNPN junction Transistor type Pinned Photodiode ~ Most CCD Image sensors and CMOS Image sensors

Visit https://www.j-platpat.inpit.ge.jp/ and put the patent number 1975-134985 today are applied with the combination of the
fle 197513985 Fled  1975/11/10 | japanese Patent 1975-13a98s - ‘ertical overflow drain (VOD) and Pinned Photodiode.
Public 1975058414 Public  1977/05/13 Mola Actumulation Ciods [HAD) — :

Grant 1983/10/19 |

Patent Claim in English Translation Fig.6 o L o : e N\
TiT In the semiconductor substrate (Nsub), the pem o1 P _ Color Fillor
first region{ P1 ) of the first impurity type is A wo | = — e — 1~ N

formed, [2) on which, the second region [ N utmwﬂ-l«——mllfdﬂﬁl [ M - e

of the second impurity type is formed. (3) The

vop &£ [Rie=m e ‘voD|| P

charge (e-) from the light collecting part [N} is o e conmree HAD :

is transferred to the adjacent charge transfer B L

device (CTD). [4) Both are placed along the main —— asiet| Photo Dsodo

surface of the semiconductor substrate. (5] In the ~ *  In 1975 Yoshiaki Hagiwara at Sony proposed using

solid stare image sensor so defined, a rectifying si02 : a PNP transistor as the photodetector which is the

Emitter junction | Je }isfnrmfd on the second '.:"is‘ﬁ — 3 combination of the VOD and Pinned Photodiode.

mmﬁﬁ 'l“:';:‘“‘ "":E];""d A "o B By providing a P + layer (emitter) for the light

second region N) and the first region (P1), forming .; P2 : chgllJD mmdenf: se\:r:tmn. the1 .*tensar electrode that covgrs

a transistor structure [ PZNP1) (7) Photo charge is | N e the entire light receiving surface of the photodiode

stored in the Base region (N) according to the k SAT i Il . can be eliminated, greatly improving the light

illuminated light intensity, and transferred to _!_- Si02 - sensitivity. This P + layer was also a proposal

the adjacent CTD. The solid state image “W:’;D . - E‘F to reduce the dark current and image lag which

defined is in the scope of this patent claim. e el AU became the basis of the pinned photodiode
Yoshiaki Hagiwara, Japanese Patent JP 1975-134985 https://www.shmj.or.jp/english/pdf/dis/exhibi100SE.pdf
Double Junction D‘fnamic Photo Transistor lpp[“ Triple Junction Dvﬂamic Photo Thvristur {HAD}

invented in 1975 by Hagiwara at Sony. invented in 1975 by Hagiwara at Sony.

See Japanese Patent Application JPA 1975-127646, 1975-127647 and 1975-134985
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(1) Bucket Brigate Device (BBD) Narrow Charge Transfer Gate (CTG)

V1 V2 V3 Vi V2 and Pinned Photodiode (PPD)
_ﬁ_ﬁ_ﬁ_&_ﬁ_ with the adjacent P+ channel stops
N+ ] [N+] [\+] [N ] [N+ ] [N+ ] a
P A
P+ Channel Stops
(2) Surface Channel CCD
Vi V2 V3 V1 V2 PrD1 PPD1
M_ cfre1 | sT61| c1G1 | sTG1
)
v & b s b PPD1 PPD1 :b
(3) Buried Channel CCD P+ Channel Stops
Vi VL vw ,‘1 V2 "a,
_ ettt The first Pinned Photodiode(PPD)
N+ e-e- N N+ developed in 1978 by Hagiwara
i and reported at SSDM1978 in Tokyo.
(3) Pinned Photodiode reported at SSDM 1978 Light CTG Light
a | |

ST1  sT2 ST1  ST2 ?’n —

N+
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The most important idea of the P+NP Double Junction Buried Pinned Photodiode proposed by Hagiwara in the
1975-134985 Japanese Patent Application is the virtual complete charge transfer operation with no image lag
which does not need the conventional double polysilicon overlzpping CCD process with very poor productivity.

s e
. -
== | /¢ e @x ] ﬁﬁ—— =
ul '-—.::_-". I..q"} F o % ] -._.ll.n‘r‘vl "-_.-.-.-"q
.-"I— st I': , pos | ) »

e

(1) Hagiwara 1975 P+NP PPD (2) Hagiwara 1978 P+NP PPD (3) Henecek 1979 P+NP PPD
: vss
Light o cTG Vi V2 vi OG 43 =

:l
P11 TN [Peln-] [Pe] - ,a__,_ N+ P+
E-'--I'-E—--E—U-N G- — = 2=

VsS

HOD SOV H il Bhs .E-Hlllﬁl'll

Pinned Photodiode reported at SSDM 1978
Vi V2 V3 Vi w2

N+
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See the Japanese Patent 1975-134985 for the original invention of the Pinned Photodiode
High-Density and High-Quality Frame Transfer CCD Imager with
Vey Low Smear, Low Dark Current, and Very High Blue Sensitivity
Yoshiaki Hagiwara
IEEE TRANSACTIONS ON ELECTRON EEE[EEE‘ VOL. 43, NO. 12, DEC 1996

iy 1 R EES X - W oY -

cvnroers N —— I
=% 2y S\ m__gﬁ‘_—aﬁ
~“_"-4,!_. ‘—\ il & T ..LL..""r 8 —r -“

L | L] ,
MY/ e ) Nl HIJ.v
| bWt

J.-' e | I| e

—

(1) Hagiwara 1975 P+NP PPD (2) Hagiwara 1978 P+NP PPD (3) Henecek 1979 P+NP PPD
The most important idea of the P+NP Double Junction Buried Pinned Photodicde proposed by Hagiwara in'the
1975-134985 Japanese Patent Application is the virtual complete charge transfer operation with no image lag
which does not need the conventional double polysilicon overlapping CCD process with very poor productivity.

. V&S
light o cTG vi V2 vi 06 y @’
-l

Fo=

0 L L S D L mﬂ__,_-m m
la+--u--.. e-=pN e-— - - e- 2 el
W

N type Substrate

VoD

Image Sensor Story

59



Image Sensor Story

Hagiwara_invented PPD_and_Virtual _Charge_Transfer_in_1975

Hagiwara in 1975 proposed the PPD Charge Transfer which is later called as Virtual Phase Charge Transfer.
Hagiwara in 1975 proposed also the NEC Buried Photodiode, the KODAK PPD and the Sony HAD.

Study Japanese Patent 1975-127646, 1975-127647 and 1975-134985 for the details.
V2 Vi V2 Vi V2 Vi

Si02 5i02 Si02

Clock 0/6
Pinned n
Empty
Potential :
WE" ....-...E...... sssamsaw E
................ -............q................................E............- s s s NN EEEEE NI ARSI EEEEE SRS mEESSEEEEEEEEE H
................ L e T T T T T T HH
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Image Sensor Story

Hagiwara_invented PPD_and_Virtual _Charge_Transfer_in_1975

Hagiwara in 1975 proposed the PPD Charge Transfer which is later called as Virtual Phase Charge Transfer.
Hagiwara in 1975 proposed also the NEC Buried Photodiode, the KODAK PPD and the Sony HAD.

Study Japanese Patent 1975-127646, 1975-127647 and 1975-134985 for the details.

V2 Vi V2 Vi V2 Vi
si02 si02 sio2
L == ==
i Psub E E ; Psub E :::_ 5 Psub E :

Clock 2/6 : ............... E............E ............... .E. .............. .'-... ................ | ............... E ............ . ............. E LL
Pinned . : .... ............. L
Empty : H H
e TR =3 j P ......... ;..Pinned

................ a— 3 i H
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Image Sensor Story

Hagiwara_invented PPD_and_Virtual _Charge_Transfer_in_1975

Hagiwara in 1975 proposed the PPD Charge Transfer which is later called as Virtual Phase Charge Transfer.
Hagiwara in 1975 proposed also the NEC Buried Photodiode, the KODAK PPD and the Sony HAD.

Study Japanese Patent 1975-127646, 1975-127647 and 1975-134985 for the details.

V2 vi V2 Vi V2 V1
5i02 5i02 5i02
e T o T e B

: Psub ‘ Psub : Psub :
Clock 3/6 i Em— E— —  Fr—  — — TE— S— P LL
Pinned _____ ' : : - ; : : :
Empty |
Potential 3
we" |o|un|§""u----------uE

................ Bl
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Hagiwara_invented PPD_and_Virtual _Charge_Transfer_in_1975

Hagiwara in 1975 proposed the PPD Charge Transfer which is later called as Virtual Phase Charge Transfer.
Hagiwara in 1975 proposed also the NEC Buried Photodiode, the KODAK PPD and the Sony HAD.

Study Japanese Patent 1975-127646, 1975-127647 and 1975-134985 for the details.

V2 V1 V2 V1 V2 V1
Sio2 Sio2 5i02
R s I o B v B
: : Psub ; g ; Psub ; E E Psub : :
Clock 416 rg o S— Ty - o s S— — —— ELL
Pinned _ ................ -. ............ . ............... | ............ . ................ , .............. .... ............. L
Ernpty H . - = - - " "
Potential

i oot PinNEd
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Hagiwara_invented PPD_and_Virtual _Charge_Transfer_in_1975

Hagiwara in 1975 proposed the PPD Charge Transfer which is later called as Virtual Phase Charge Transfer.
Hagiwara in 1975 proposed also the NEC Buried Photodiode, the KODAK PPD and the Sony HAD.

Study Japanese Patent 1975-127646, 1975-127647 and 1975-134985 for the details.

va Vi V2 vi va Vi
5i02 Si02 e
i e L v I e
Psub Paub Pt :
Clock 5/6 | m— : r—  —— To—— — : LL
Pinned . ................ -n .......................... :. ............... { ............................ . -------------- * """"""""" i L
Empty | : ' | - .
Potential : Lpi
: ............;..Pmned

we” ........E............... H
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Hagiwara_invented PPD_and_Virtual _Charge_Transfer_in_1975

Hagiwara in 1975 proposed the PPD Charge Transfer which is later called as Virtual Phase Charge Transfer.
Hagiwara in 1975 proposed also the NEC Buried Photodiode, the KODAK PPD and the Sony HAD.

Study Japanese Patent 1975-127646, 1975-127647 and 1975-134985 for the details.

V2 Vi V2 Vi V2 Vi
Sio2 Sio2 Sio2
L
CIOCK 6/6 :.reverereases TR— —
Pinned n
Empty :
Potential

WE" ..-....-E-..... smsamnmn

Image Sensor Story



Back Light lllumination P+PNPP+ Junction Buried Pinned Photodiode

Sony CMOS Image Sensor (2020) for Back Light (JAP 1975-127647)
; Vgate i I [’ V““
P- IN}: P
Fig. 7 : !E.
g ' -+ +4— X
|z|7 Xo X1 Xz X3 Xa
(] : L] .,‘
(@Normal CCD * E ’ ; ﬁ' Vs
ChargaTransfarHEE:'i'._ " 9 - ... Ve
'9‘3' ¥ Vm E E
| B

Multi-chips three dimensional LSI chip  §gopa1 shutter Mode ie-
A D) DN MOS Buffer Memory &

TOP DAL Control Counter Chip -

Cache SRAM Chigs [ M ] M) D‘““‘"—,

- -

i L]

Empty Potential well
Complete Charge Transfer
with No Image Lag

P+P doping slope induced
Built-in Barrier Electric Field

GG CI6: Vi V2 Vi V1

"
T =
&
Cache SRAM Chips (1) . S
Analog Data Comparotor Chip ™ L 5102

Bottom Image Sensar C‘hrp /‘%P; ! 5 W, o : " E:put
D’ N_ e e | l::) CCD type CTD
'Il"_.\'f.' I." ! ?'} E
—’p—’ff‘—aﬂz"r—f ; l
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Sun Light Spectrum

LPD {um )
100 = Light Penetration Depth

Relative Photon Power | W/um )

Incident Light Wawe Length ?4. { um )
T T T r—
0.4 0.5 oG 0.7 [ 1

1.01.1 1.3 1.6
Photon Wave Length ( pm )

0.7 0.8

For Silicon, Ec =1.10eV and A= 1.12 um

E=hw=hf=hc/A The light f th length than A = 1.12
_ e light energy of the wave length more than A = 1.12 ym
E (GV) =1.24/ A (”m) can not be converted to electrical energy in the silicon crystal.

Image Sensor Story
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Conventional N+P Single junction Type Solar Cell PNP Double Junction Type Solar Cell
A proposed by Hagiwara in 2020

Light nght -F/_ sl 1

5i02 5i02

Aluminum Metal

Poor Blue Light Sensitivity Problem gl RNy
" Completely depleted Buried N region
N* In the PNP Double Junction Type Solar Cell
- proposed by Hagiwara in 2020
P+ P N: P :
| - = =il v | bk |aien o (g
| \_=32ym ~=32ym 4 A :
ElectricField | ™\, | oM
AT NN i
Single Junction N+P type Solar Cell V(x) /ﬂ : .
Vix) Ll Um=0887V el Vix)
also has a very poor short wave ; _  X3=0.57 ym
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Sea of

El

e-eg-e-

The P+PNPP+ Junction Type Pinned Photodiode Solar Cell
with Very High Blue Light Sensitivity

Reference JPA 2020-131313 by Yoshiaki Hagiwara

Pinned P+P Surface
Barrier Potanti?\ll VB
VB =kT In ( %

i_= N |5 |
: i I

Sio2

The yellow region has the barrier electric field
for photo electron and hole pairs separation,

contributing to the solar cell quantum efficiency.
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£
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—Pd‘Wa"“-

H
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ectrons
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77777 |
Metal

- |

Wss

a— de——-i'

*— WN —P—WP—FC’“‘-

5i02

' Blue Light

1 _1 + 1
If we set Vm = EG/2, N Nd ~ Np
Ws =j285iVM/N = /€sikc/N

Vout N+ IM-tall

....i........:... .': ”
1 Ernptv Potential Well *

||||||||||||

Sea of Electrons
,l e-e-e-e-

77777
out Metal _I- +

I Metal

The concept of
Empty Potential Well
was originally proposed
in 1975 by Hagiwara

in JPA 1975-134985.

The surface P+P Pinned Surface Solar Cell with the surface P+P Gaussian doping slope is very important
to create the surface barrier electric field for separating the photo electron and hole pairs generated by
the short wave length blue light which cannot penetrate into the silicon crystal more than 0.2 um in depth.

Image Sensor Story

69



Difference of Buried Photodiode and Pinned Photodiode

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

my a-o-o-o'- Decoy Log (L rperi=ent )
Floating Surface P+ mgiuﬁ 10k | “*—w--a= Siorogeable Becrors 410 .~
s 5 ol of PO (faperimant] kH
102 i = -
-~ \ R =
I_E— ARV "
I Depletion Region Z }i; P -
---------- ﬂ!“-_-- g 5- JJ‘ L .-.‘_'-t
Psub - I O s
o / ", Ist Fieig P 3
Serious | Lag Probl : / » E
rious Image Lag Problem < A
NEC IEDM1982 Paper ] 3
Floating ., ¢ v-cco ; ) i
. \ oy TG Chonnel Potential (¥7f)
e _swvee— There is still image lag
N oL at the CTD gate voltage more than 10 volt.

p= e e
Fig.6. Storageable electrons vs. transfer gate channel
N- ; porential, and decay lag ws. ransler gate
| channel potential in the P*NP- structure
No P+ Channel Stops photodiode
Fig.5. P*NP- structure photodiode
(3) 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.
Image Sensor Story 70
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Difference of Buried Photodiode and Pinned Photodiode

Pinned Photodiode Buried Photodiode

Pinned Surface P+ region Floating Surface P+ region é
=

N
Depletion Region
———————— "

| S —

4
SONY ?SDM 1978 Paper Serious Image Lag Problem
TN LG 1 1o NEC IEDM1982 Paper
Floating P+
RIE ’d , ! B T6 v-ceo

i P=aub 1—/________\ P
P+ Channel Stops and no Image Lag Problem 5 N

Maotal

No P+ Channel Stops and Serious Image Lag

/ Floating P+

e S [ "B!I_"S’l :i
i

— AT ) L=
'} p-Substrate

Palysilicon

SONY 1987 HAD Sensor KODAK IEDM1984 Paper
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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
TG TG w1 17 ]
. " [— e e e A
- e ]
P R ¢ P
- 1f

4
. kN -
"‘ne_ i .1 ﬁ— ,,,.,_,t“
mage - - Lag

d
Pinned Empty Potential Leg :a::;:'

:

Pinned Photodiode Buried Photodicode Bucket Brigade Device
(1 (2 (3) (BBD)

with Mo Image Lag with BBD Barrier

The surface P+ region may not be pinned ,
being isclated from the LOCOS P+ channel +
stop region by the buried M storage region. p

This photodiode is not Pinned Photodiode
since the N storage region is not completely buried.

Image Sensor Story
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Albert J.P. Theuwissen, Jan T.J. Bosiers, Edwin Roks, “ The Hole Role “,

an invited paper at IEDM2005, Washington DC, Techn. Dig. , 2005.

But in_the

CovV ial, their surface potential 1s undefined !
Such a structure will suffer from charge transport 1ssues duning
operation, because charge can be trapped in local potental
pockets. The effect can be solved by defining the potential n
the open arcas through an extension of the p* channel stopper.
A simple self-aligned implant of 2x10"" /em® boron ions is
sufficient to extend the channel stop areas to the gate edge and
consequently fix the potential in the open areas [2]. The result
after this self-aligned implant 1s shown m Figure 3. The
presence of enough holes plays a crucial role in fixing the
potential for the regions “beyond control™ of the gates. (Is this

structure the mother of the qnncd-mmndmd: or buried diode
or hole-accumulation ce 7)

lon
R
Clso, & NN
P 8 sopper LLLLLLLLLLLLLLLLL
& n.8i channel
2 psimi
83 081 subsrate

Figure 3, Cross section of & bumed-channel CCD on n-5i nubsirate mchading
light windows and wr i the non-covered CCD channels
fohe cross section 1§ made perpendicular o the CCD channel),

[2] Y. Daimon-Hagiwara et.al., Proc. 10" Conf on Solid-State Devices, Tokyo, 1978, pp.335-340,

73



Image Sensor Story

Fossum insulted in his 2014 paper Sony and Hagiwara 1975 PPD invention.

Indeed, Hagiwara invented PPD with VOD The surface P+ layer

is NOT connected to
and the virtual charge transfer in 1975 !! the LOCOS P+ layer.
P AL 1 T LT VTS O O£ 01 »  The surface P+ layer
Sony HAD (PPD+VOD) does not use LOCOS !!! may pe floating and
A Review of the Pinned Photodiode for this photodiode may

CCD and CMOS Image Sensors
False

Eric R. Fossum, Fellow, IEEE, and Donald B. Hondongwa, Sudent Member, IEEE ﬂ

Many people now sald thls is a fake paper !
C. Other Comiributions to the PPD lnvention

have serious image lag.

Serious Image Lag ?

The PP structure, while iovented for bow lg ILT crnF:ISE e mfufmtl: :l:l‘:nEc :ﬁ:ﬁ h::: slés connected
! potential step and charge transfer
plication,shares  strong esemblance to the Hynecek vitual- "\\\ device aspects of the virtul-phase CCD. Haginara repeats
e T clains in 2 2001 paper [26) and hows a VOD stncture
inventions were solving different problems with essentially the Tt is 2o found i the 1975 ptent pplicaion. Sony Gd
same device structure and operating principles. —
In 1975, Hagivara at Sony filed 3 patent applicaion on not seem (o pursue the HAD structure until well afier the
bipolar structures for CCDs in which a pap vertical structure NEC paper was published. However, the “namow-gate” CCD
was disclosed, among several structures [24]. The top p layer with an open p-type surface region for improved QE also
was connected by metal 1o a bias used to control full-well disclosed in the 1975 application was reported in more detail
capacity and the n-type base layer was proposed for camier by Hagiwara et al. at Sony in 1978 [27). A similar structure
storage. In an unusual paper, Hagiwara, in 1996, revisited the was used extensively by Philips [28].
II:"LS:;m!timlm :hhéﬂcbi;:uﬂ:m;ng?:;& invention of The PPD, as it is most commonly used today, bears the Fig & Bmpl of » pnned phorodods inplomemed n 3 OMOS femge
virtua ! <lag structures, ichi ef al. ice. A e " . ;
e whﬁﬁ:“‘ Sony socalled” Hoklifwnml:m ;ﬁm m:aﬁ:l;:nll‘:hll?s :2:1:::: “::'T o ﬁ‘: semaor showing doping concentrations. (Dimensional units are microns),
Diode,” or HAD structure (23], However, the 1973 apoliction. 't of the modem PPD (]

Hagiwara in 1975 invented PPD with VOD and the virtual charge transfer
Study the Japanese Patents 1975-127646, 1975-127647 and 1975-134985.
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@ 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.

Surface P+ region

First off these are not PIN Photodiodes - which stands for P - Intrinsic- N. These have large depletion

N regions for higher internal QE (Quantum Efficiency) and faster response. You can't make an array with this

Depleti R i
_Depletion | _‘:sion design though.
Psub Pinning, refers to fermi-level pinning or pinning to a certain voltage level. Or also the forcing or prevention
AL of the fermi-level/voliage from moving in energy space.

: You can get surface state pinning from the dangling Si/5i02 bonds providing trapping centers. A buried PD
|I"1 1975 thE fl rst P PD (Photodiode) has a shallow implant that forces the charge carmers away from these surface fraps. The
was inuented bv SUSIO2 surface contribuies to increased leakage (dark current) and noise (particularly 1/f noise from

g trapping/de-trapping). So confusingly a buried PD aveids pinning of the fermi-level at the surface.
Hagiwara at Sony

. A pinned PD is by necessity a buried PD, but not all buried PD’s are pinned. The first Pinned PD was
and used in ILT CCD invented by Hagiwara at Sony and is used in ILT CCD PD's, these same PD's and the principles behind
PDs by Hamazaki this complete transfer of charge are used in most CMOS imagers built today.
at Sony in 1987. A pinned PD is designed fo have the collection region deplete out when reset. AS the PD depletes it

becomes disconnected from the readout circuit and if designed properly will drain all charge out of the
collection region (accomplishing complete charge transfer). An interesting side effect is that the

PPD must have capacitance of the PD drops to effectively zero and therefore the KTC noise g, — sqri( 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
the P+ channel that voltage. That is where the term comes from.

StDpS nea rbv to pin I've edited this Answer to acknowledge Hagiwara-san's contribution. It has long been incorrectly attributed
the surface P+ |aw3r, to Teranishi and to Fossum (in CMOS image sensors)

Image Sensor Story
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Semiconductor History Museum of Japan
hitps://www.shmj.or.jp/english/pd{/dis/exhibi 1005 K. pdf

In 1975, Sony proposed using a PNP transistor as the photodetector[3]. 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.

In 1978, Sony presented a 93,000-pixel FT (Frame Transfer) -CCD image
sensor compliant with the Analog TV Broadcasting Standard (SDTV) for the first time in the world [5],
using the photodiode with the same structure as above. Sony succeeded in 1981 in trial production of
a VTR-inlegrated color movie camera using a 2 / 3-inch 280,000-pixel FT-CCD image sensor by further
improvement of this technology [6].

The Pinned Photodiode is a photodiode in which the entire N layer is covered with a P layer. The part
of the P layer on the light incident surface is heavily doped P+ (Fig-1). Kodak named this structure
Pinned Photodiode in 1984 because the P + surface of the light incident surface was pinned to the
substrate potential. This device has features such as high light sensitivity, wide dynamic range, image
lag free, much smaller dark current due to reduced influence of GR center on the light receiving surface,
and no white scars.

_ _ /" Japanese Patent 1975-134985
Light CTG Light it i vl tngn Disia (MADY)
Fig.6 o b
’cf ] :-‘
CA Y s
A woo [
U | Fromt Side | s— Do | Bach Sde )

vop &£ L= Lighat
B s | e HAD

[t

B g | Pmnad Empay

Pinned Photodiode reported at SSDM 1978 ottt | ) |

r

References:

[1] M. Hamasaki, T. Suzuki, Y. Kagawa, K. Ishikawa, K, Miyata and H. Kambe, “An IT-CCD imager
with electronically variable shutter speed” , Technical Report of The Institute of Image Information
and Television Engineers. vol. 12, no, 12, pp. 31-36, (1988)

[31 Y. _Hagiwara, Japanese Patent JP1076-—134006

[5] Y. Hagiwara, M. Abe, and C. Okada, "A 3B0H x 4BBV CCD imager with narrow channel transfer
gates”, Proc. The 10th Conference on Solid State Devices, Tokyo, (1978): Japanese Joumnal of
Applied Physics, vol. 18, Supplements 18-1, pp. 335-340, (1979)

[6]) I. Kajino, M. Shimada, Y. Nakada, Y. Hirata and Y. Hagiwara, "Single Chip Color Camera Using
Narrow channel CCD Imager with Over Flow Drain”, Technical Report of The Institute of Image
Information and Television Engineers., vol. 5, no. 29, pp.
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Sony's Representative Inventions Supporting Stacked Multi-Functional CMOS
Image Sensors

P
v

https://www.sony.net/Sonyinfo/News/ notice/idzlodGZG/

Pinned Photodiode Adopted for Back-Illuminated CMOS Image Sensors

References:

[1] M. Hamasaki, T. Suzuki, Y. Kagawa, K. Ishikawa, K. Miyala and H. Kambe, “An IT-CCD imager
with electronically variable shutter speed” , Technical Report of The Institute of Image Information
and Television Engineers. vol. 12, no, 12, pp. 31-36, (1988)

[31 Y. _Hagiwara, Japanese Patent JP1076-—134006

(5] Y. Hagiwara, M. Abe, and C. Okada, “A 380H x 488V CCD imager with narrow channel transfer

gates”, Proc. The 10th Conference on Solid State Devices, Tokyo, (1978); Japanese Joumal of

Applied Physics, vol. 18, Supplements 18-1, pp. 335-340, (1879)
[6] I. Kajino, M. Shimada, Y. Nakada, Y. Hirata and Y. Hagiwara, "Single Chip Color Camera Using

Narrow channel CCD Imager with Over Flow Drain™, Technical Report of The Institute of Image
Information and Television Engineers, vol. 5, no. 29, pp
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Image Sensor Story

Yoshiaki Higihara: The p-n-p-n
Diode in Future Linear Motor Cars
and in Modern Imagers
John Louis Moll (1921-2011) was
studying a p-n-p-n diode switch in
his Ph.). dissertation work when
the first ISSCC was held in 1954 Ina
normal operation mode, this device
works as a thyristor, which can
drive a large current and 1s the key
device structure of an IGET applied
for a linear motor car of the future
(see Figure 9). In a dynamic opera
tion mode, this device may work as a
simple p-n-p-n dynamic capacitance
that can detect and store one single
electron, which is a key device struc-
ture of the modern image sensor
(see Figure 10).

| recall, when | was taking his
physics course at Caltech, that Feyn
man once said that an electron is
always free, moving around rapidly
in free space, even in solid, and it
never stops. It is very hard to catch
an electron because we do not know
exactly where it i1s. Our civilization
today is based on a technology that
controls electrons, down to a single
one.

Emitter Gate IGBT

PWM Drive Circuits ]—1w

#&'*

BURE 9 The p-n-p-n switch dicde for o modemn Enear motor car.

SUMMER 2013 NEEE SOLINDY-STATE CIRCUITS MAGATING
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Image Sensor Story

Imagine a photon incident to a
bipolar transistor base region. The
photon energy creates an electron-
hole pair. And the photo-electron
can be stored in the base region as
one single majority carrier. That is,
a bipolar transistor can also fume-
tion as 4 photon detector and/or a
storage container. | thought that a
room in a hotel must be empty and
clean before the first hotel guest
arrives. 50 must be this transistor
base region empty and clean with
no guest electrons at the begin
ning. This transistor in a dynamic
p-n-p capacitor mode is useful since
it can capture, confine, and con
trol one single electron. But as a
student, | did not know yet how to
student, | did riot Know yet how {o
move that single photoelectron sit-
ting in the base region to the out-
side world so that we can make use
of it as a signal. | had no way yet to
know whether the hotel puest has
arrived and is resting in the hotel
room or not. We had no way yet to
ask the hotel guest to come up to
the hotel lobby to meet me. | had
to wait a few more years funtl 1970

Light

EE

"

E‘
L]

FIOURL 100 Frem CCD to the dynamic p-n-p-n diode capacitors,

in my senior year in college) to find
the answer. We all know now 1t is
the CCD structure that can store
and transfer one single electron
With a precharge reset set gate and

With a precharge reset set gate and
a source-follower circuit, a scheme
invented by Walter Kosonocky. We
could finally meet our hotel guest at

the hotel lobby.
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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

No
Image Lag

VOD

(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 b
very low dark current, which is also the completely depleted Buried Photodiode with image
Inrg_ free picture quality, and also with the built-in vertical overflow drain ( VOD J' function.

Reference: IEEE Solid-STATE CIRCUITS MAGAZINE, SUMMER 2013 issue pp. 6~

Image Sensor Story
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Difference of the static and dynamic photo transistors are illustrated in these figures.

Sony Hole Accumulation Diode (HAD) is the P+NPNsub junction dynamic photo transistor
with the surface P+ hole collecting and accumulation region is pinned and grounded, which

is now widely called as Pinned Photodiode with the vertical overflow drain (VOD) function.

Only Pinned Photodiode with the VOD function can realize the electrical shutter function.
SONY HAD Sensor 1975 was hinted by SONY PNP Bipolar Transistor Process Technology
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Difference of the static and dynamic photo transistors are illustrated in these figures.
Sony Hole Accumulation Diode (HAD) is the P+NPNsub junction dynamic photo transistor
with the surface P+ hole collecting and accumulation region is pinned and grounded, which
is now widely called as Pinned Photodiode with the vertical overflow drain (VOD) function.
| Only Pinned Photodiode with the VOD function can realize the electrical shutter function. /

SONY HAD Sensor 1975 was hinted by SONY PNP Bipolar Transistor Process Technology
Conventional Static Phototransistor
( by John Northrup Shive, 1950)

No memory function is involved.

Photo Transi
Collector 5;.,,“ s

Lig™t N

el GL.'M!W Current is
s :> constantly running
Base | in the static mode

According to the light intensity,
the collector current is modified
in the conventional phototransisto

J T

Collector Region N

Emitter

Emitter
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Difference of the static and dynamic photo transistors are illustrated in these figures.
Sony Hole Accumulation Diode (HAD) is the P+NPNsub junction dynamic photo transistor
with the surface P+ hole collecting and accumulation region is pinned and grounded, which
is now widely called as Pinned Photodiode with the vertical overflow drain (VOD) function.
| Only Pinned Photodiode with the VOD function can realize the electrical shutter function. /

SONY HAD Sensor 1975 was hinted by SONY PNP Bipolar Transistor Process Technology

Conventional Static Phototransistor bﬂﬁiﬂﬁfﬂk{’l&ntqtmnsisttn; Dparar;';;; i
( by John Northrup Shive, 1950) y_Yoshiaki Hagiwara at Sony in

No memory function is involved. Dynamic Memory function is involved.

Photo Transistor Collector The charge transfer
Collector Sankiad Light device (CTD) can be
TG CCD or CMOS type.

No Constant

>

Collector Current
in the dynamic mode

CTD main surface can

Lagha £
; GL.'M!W Current is
— - — cTD be either front or back.

constantly running
in the static mode

The photo electrons stored in

According to the light intensity, £ oiea, v Light the base is extracted completely
the collector current is modified in the adiacent CTD

in the conventional phototransisto

J T

Collector Region N

Emitter

Emitter
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Difference of the static and dynamic photo transistors are illustrated in these figures.
Sony Hole Accumulation Diode (HAD) is the P+NPNsub junction dynamic photo transistor
with the surface P+ hole collecting and accumulation region is pinned and grounded, which
is now widely called as Pinned Photodiode with the vertical overflow drain (VOD) function.

' Only Pinned Photodiode with the VOD function can realize the electrical shutter function.

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

( by John Northrup Shive, 1950)

by Yoshiaki Hagiwara at Sony in 1975

No memory function is involved.

Dynamic Memory function is involved.

Photo Transis
Collector Symbol -~

R
h'"_ GL-'W Current is
[—_—b constantly running
in the static mode

According to the light intensity,

Collector The charge transfer
device (CTD) can be

<TG CCD or CMOS type.

No Constant
Collector Current
in the dynamic mode

CTD main surface can

\ The photo electrons stored in
Light the base is extracted completely

Emitter the collector current is modified Emitter to the adjacent CTD.
in the conventional phototransistor .
Neiks Back Light
Emitter I Sub o — Cnmpfm_‘e Charge
Nsub or Psub Extraction from
the N base region
Viwell for low image lag
Base R-glon P Je-:- e - cTD and high speed
N e 0 —4—s @- high quality
Collector Region N Jc — l T : | iﬁ:'“mu"“ action pictures
P Transfer Devise

Image Sensor Story

~ Front Light  Standard PPD with the front CTD main surface

> & — cTD be either front or back.
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N+P Floating CCD/MOS Buried Pinned Hole
Photodiode Photo Capacitor Photodiode Photodiode Accumulation
(FPD) (CCD) (BPD) (PPD) Diode (HAD)
before 1970 invented in 1970 invented in 1975 invented in 1975 invented in 1975

(3) Processor

Human Brain

Memory CPU
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@ NPN transistor Current Amplification

@ Low Power CMOS inverter
V:out(t)
D '

Vieg---4-
Vi . )
Vogioasupa :
: & ® Vin(t)
0 | Vien 1 vinee Vdd
Inverter Vr
3-D Multi-chips Intelligent i Voul la
CMOS Image Sensor System —D)— ‘
: . . . a Vout =W'l 0 Vad V
M & v in
Coche SRAM Chips (1] o1} oult)
5 @ Water Gate Model for CMOS Inverter
Analeg Data Comparator Chig M Vin
Bottom Image Sensor Cﬁfp Action Mode 3 ,
GsAA L—I"liil. 3 _L _J_ h+ ”
GND e- ~__ V$Ut /
P
= [I:at} (sat)
—
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Correlated Double Sampling Hold by Prof. M. White, 1972

Conventional Single Sampling Hold
MOS Transistor Switch ONIOFF Action

S/H pulse Vad p \
{ A—\ B off A B
Vin — Vholdl v.s
Vout On A
Csh== v.s-m %
S/ pulse K Source follower NMOS-SWITCH V =
- Current AMP
[ Rs

Correlated Double Sampling Hold (CDS)

SIH pulse 1 S/H pulse 2
Vo Va +Y¥, Analog

’ }_' S/H | o Subtraction
SH pulse S/H -

e — gm_¢th » S/H

VQ_ S/H —:}Vﬂlﬂ

|||||

YO I iV AV \ VU v

- ¢ S/H 2 [] [] > ¢

Image Sensor Signals are buried in the clock noises.
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Microelectronics for Home Entertainment

Yoshiaki Hagiwara

Sony Corpoartion, Tokyo Japan
voshiaki. hamwarala)p.sony.com

First commercial product for use in consumer

products is 0.5 um LSl chips for 8 mm camcorders SONY AIBOQ 2nd Generation, ERS-210
in 1995. Then we had 0.35 um LSI chips for MD

products with low voltage operation of 2.0 volt. Now Future = J | Sumy swiginal i ATy
0.25 um PlayStation 2 Graphics Synthesizer has » r:::fm. g SO & CMOS camera

eDRAM with 48 GB/sec bandwidth. Fig.19 shows
the EmDRAM History.

Higher Performance System
Many ApgiicationsBrecuds - M025um
3-_- 1955 MIP Start
154 EnDRAM Prockt— = {oog {0 sy
—EORb
=77 18485 MP Start

!-_ - ._;,. | Hagiwara
|} :.'hl" <=t Diode inside
- | 1 !
| I
[ - I Graphscs Synthesizen P22}
——— KO LS 3 3hksit CFAM + 150050
8mm Camcader LSH it R 5 it DRAM Banswe 48085
54 2kbit DRAM+E0KG 210V Lew Voltaga Operation
Potentio- Actuator Potentio- Actuator
i meter mi & .
Embedded DRAM History Logical Hardware Block Diagram

https://202011282002569657330.0onamaeweb.jp/AIPS_Library/P2001_ESSCIRC2001.pdf
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SOI Design in Cell Processor and Beyond

Yoshiaki Daimon Hagihara
Chairman and CEQ , AIPS/AINS Consortium
( Ex-Sony Fellow, Semiconductor Strategic Planning )
Hagihara-Yoshiakil@aiplab.com

45nm Cell/B.E. Die Photo
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By 1994, the pames were just starting to move to 0 5-micron
processes, while the leading process was (035 micron.
Eventually over time, the game chips migrated to smaller
processes to increase integration and reduce costs.

https://202011282002569657330.onamaeweb.jp/AIPS_Library/P2008_ESSCIRC2008Hagiwara.pdf
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LB BTOA00ANG Engine DRI ST

B high pedTormance

T
Hardware Tor H.2E4
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PPE
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|
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Misuo S5aito at ICD-ARC Panel May 13, 2008

Cell/B.E. and Toshiba SpursEngine

To address the latency issue, the emotion engine was
developed in 1998, This groundbreaking graphics chip needed
the latest technologies to achieve its performance and level of
integration. By reducing the number of pipeline stages and
increasing integration — with 10.5 million transistor and a 128-
bit dual vector processor — the Playstation pushed all of the
existing limits of the 250-nanometer process.

- Cellid.E. DNA Je RPEE] S s |
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Reference
Buried Pinned Hole Accumulation Photodiode

Invention 1975

T T o b b ot S b o S o o o T T o o T b o T o b o S S o S T T o S T e e

Japanese Patent Applications 1975-127646, 1975-127647,

and 1975-134985 invented by Y.Hagiwara

+4++++++trb bbb bbb bbb bbb bbb bbb

Development 1978

+4++++++ Pttt bbb bbb bbb bbb bbb bbb R4

Y. Hagiwara, M. Abe, and C. Okada,
“A 380H x 488V CCD imager with narrow channel transfer gates”,
Proc. The 10th Conference on Solid State Devices, Tokyvo, (1978):

Japanese Journal of Applied Physics, vol. 18, Supplements 18-1,
pp.- 335-340, (1979)

+4++++++trb bbb bbb bbb bbb bbb bbb
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Reference

Electric Shutter Clocking Scheme

Invention 1975

S L e e R R e R e e e e R

Japanese Patent Application 1977-126885

invented by Y. Hagiwara, S. Ochi and T. Hashimoto.

S L e e R R e R e e e e R

Development 1987

S L e e R R e R e e e e R

Masaharu Hamazaki, Tomoyvuki Suzuki, Noriaki Kagawa,

Kikue Ishikawa, Katsurou Mivata, Hideo Kanbe,

"ILT CCD Image Sensor with Electrical Shutter Fuction Control”,
Journal of Japanese TV Society, vol.12, no.12, pp.31-36, (1988)

S L e e R R e R e e e e R
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Invention 1975 Electric Shutter Clocking Scheme

o R T R R e e T

Japanese Patent Application 1977-126885

invented by Y. Hagiwara, S. Ochi and T. Hashimoto.

b e i ol s e e e ol e e e e e e o i e e ahe e e e e il e e ke e o e e e e e il dhe i e ae ke e e e ke gl ke e ke g g e e e e b i e e e e s e

Japanese Patent JPA 1977-126885 on Electrical Shutter Clocking Scheme
invented by Y. Hagiwara, S. Ochi and T. Hashimoto in 1977.

s BIKEBF AN B (1) BB54—51318 Type(A) Type(B)
Bim ig.
e B 652126885 t ; o e “E’;.‘%"’
@% W 52019779 A2K i faf
BaM MisE(1979)4 238 P+ T PR
2R B & RERW . it
BR W & HER2 o b
B BAEx ﬁi
Type(C) }E-;- s !
CCD type \ \ {
GND c16 = Lomead
| b B
[ = o
P+ I N P+ ¥ i = 1
N P il T e S i
. | \'q-- 3 }‘
N+ N+ Fig. 8 { | Nolmage I.agﬁ'g‘ i
— OFD cco
OFD OFD o 12
The electric shutter clocking scheme with the complete signal b e ;! [
charge draining of no image lag can be achieved by the OFD r Lo
punch-thru voltage control for any photodiodes, including ~ Fig- 12 i oD
not only the type (A) of the conventional CCD/MOS photo - Punch-thru Mode
capacitor but also (B), (C) and (D) type Pinned Photodiodes. D‘;D for Flactyic Shather Opmation
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Reference

EE R R R S S S

Active in-Pixel MOS Image Sensor
E S S S I R S S S S O S S S S S S S S S S

Invention 1968

e T T T T T T T o o T T T S T S S T S R T R S S R

Peter J. W. Noble,
IEEE Transaction of Electron Devices, 15-4, pp.202-209, (1968)

B T T T T o o o ol S T T S T T S T T S R S T S S

Development 1990

e o o i T e e e s
Fumihiko Andoh, Kazuhisa Taketoshi, Junichi Yamazaki,
Masayuki Sugawara, Yoshi hiro Fujita, Kohji Mitani,
Yukio Matuzawa, Kenji Mivata, Shuichi Araki,

"A 25 0,000-Pixel Image Sensor with FET Amplification
at Each Pixel for High-Speed Television Cameras”,

ISSCC Digest of Technical Papers, pp. 212-213,298, February 1990.

o b T e R e e e
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@ Low Power CMOS inverter @ Source Follower Current Amplifier

vdd vdd
Vin Ving._
e .-l Vout Vout
A
R Vg o
0 Vinn f vinee Vdd - Vout
Inverter Vr _
Source Vdd @ mmimissicinng?
Vin Vout Follower
_D)_ Vin Vout
Vout = Vin 0 Vin ;
VT Vout = Vin Vin Vﬁd >Vin
History of DRAM Cell ( Source Follower )
]
'lH Wi vidd WL/VOG T G vdd
: E ] L

i
vnﬁt—l l e ouT l

OUT g .H.Dennard (IBM 1966)

Conventional DRAM Cell WOUE SURGIRLR CHERUITIIE. S
before 1966 intel 1101 @I1S55CC1970, Philadelphia.
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History of Photo Diode Cell ( Source Follower )

pg Light VCd PGEVOG o Light Vdd

Conventional Active Pixel Circuit
Photo Diode in 1966 after Peter Nobel,1966~1968

History of DRAM Cell ( Source Follower )

o IN

wi e WL/VOG Gin vdd
| £ i .= | e 1{“:_‘
S L - Irl
vGo ._I l ouT ouT l
OUT g H.Dennard (IBM 1966)
Conventional DRAM Cell Bill Regitz (Honeywell 1969)

before 1966 intel 1101 @ISSCC1970, Philadelphia.
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Peter Noble invented the in-Pixel Amp MOS Image Sensor in 1968.

See IEEE Transaction Electron devices 15-4 (1968) pp.202-209.

Reset Pulse (1) Word Line Pulse
LT e Pl Yy
}- 38 (a= st -
; +VDD > 0 v
| ]
> Reset Gata Bit Line Output O
! 57::; 'C? Light ompmostra PMOS Tr 5
e Mftim 5 e Ty To Bit Line Output
- Ny

-
Photodiode Al l u-r D COme T,

(]
-r -+ ?:u F“J-tt | i ":H-Th.! L]
! Reset Gate | e+ q Source ... r—j

FMOS Tr 2 - . Follewer |

f_. "" Current '|
: ‘ AMP
i .E'l' PMOS Tr3 | ' Reset Pulse (2)
Reset Gate TE"' r | LN P
PMU’S Trl |
r 1 E 1 splified
put
1 _i Currant | GNB‘ =0 v
i ? = W

1 l
Active Pixel Sensor (APS) with a photodiode and buffer amplifier
as proposed by Peter Noble in 1968
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@CCD Image Sensor
E S S I S S S S S S S S S S i S O S S

Invention and Development 1970

B T T T b T o o o o S o o S o T S o S o S S o S S R T SR S S

W.S.Bovle and G.E. Smith,
Bell System Technical Journal, 49, pp.587-593(1970)

B T o ol o o o o i o T o o o i ol o o S S S S o B T o o S e o S o T o e S S S

R K SR KR K R R R K R SR R SR R KR ook kR ok

Correlated Double Sampling (CDS) Hold Circuit
R EEEEEEEREEEEEEEEEEEEE X

Invention and Development 1974

L o o e R e R e e e R e e e

M.H.White, D.R.Lanpe, F.C.Blaha and [.A.MAck,

"Characterization of Surface Channel CCD Image Arrays at Low Light Level.

IEEE Journal of Solid State Circuits, SC-9, pp.1-13 (1974)

B o o T o o S ol o o o S i o o B i S S o S o T i S S o T o o S S S o
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Correlated Double Sampling Hold by Prof. M. White, 1972

Conventional Single Sampling Hold

MOS Transistor Switch ONIOFF Action

|||||

S/H pulse Vad p N
{ A —\ B off A B
— Vholdl UG
Vout on A
Csn== v.s =V %
S/ pulse K Source follower NMOS-SWITCH V =
7 - R Current AMP
V;,"_ S/ |—o Vout S Correlated Double Sampling Hold (CDS)
SiH pulse 1 S/H pulse 2
- &
Y, \J Y Analog
i & S/H }_: Sf"ﬂ| Al Subtraction
H pulse
7 Signal appears .
Vé”— S Vot only during - SA
A this short time + :

Vnnld e o

Vin .

Image Sensor Story

- ¢ S/H 2 [1

Image Sensor Signals are buried in the clock noises.
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ISSCC 2006 / SESSION 27 / IMAGE SENSORS / 27.5

27.5 High-Speed Digital Doubla Sampling with Analog
COS on Column Parallel ADG Archifeclure for
Low-Noise Aclive Pixel Sensor

L
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PSR ekl e
it e —Iqi
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Fegura !T.H..E.'Eﬂlu-l'lll'l-ﬂ-l.h-ll iuH:[-h-E I'I1:I|'I'||IIEH'I.
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ISSCC 2006 / SESSIOM 27 / IMAGE SENSORS / 27.5

ISSCC 2006 / SESSION 27 / IMAGE SENSORS /275 Modern CMOS Image Sensors have (1) HAD (2) APS and (3) CDS.

{1) HAD | PPD ) was invented by Y. Hagiwara in 1975.
COS on Column Parallel ADC Architectwre for (2] APS was invented by Peter Noble in 1968,

215  High-5peed Digital Dowble Sampling with Analog

Low-Naoise Active Pixel Sensor

(3) CDS was invented by M, White in 1572,

Takayuki Toyama, JunYamamoto, Kojl Mishina, Atsushi Suzukl,
Tadayuki Taura, Akihiko Kato, Masaru Kikuchi, Yukihiro Yasui,
Hideo Nomura, Noriyuki Fukushima Sany. AMeupl, Japan

Traditionally, the advantages of compact image sensors (CI3s)
over CCDs have been low power consumption and the capability
for system integration. Additionally, the image quality of ClSs
has recentlv begun to rival and even surpass that of CCDs in the
area of high-speed imaging (1], Compared to high-gpead CCDs,
CI8s utilize the advantage of a column-parallel pixel readout.

The pixels are conventional 4T active pixel sensor (AFS) Is
that use hole accumulation diodes (HADs). HADs enable image
gensors such as CCDe and CISs to realize ideal properties of low
dark current, no kTC noise, and no image lag (2]

Digital double-sampling architecture is proposed to remove
device variation and circuit offset that cavse vertical FPN (3],
Cur column-infine dual-CDS architecture (Fig. 27.5.2) imple-
ments digital double-zampling (digital CD5) and analog CDS in
parallel columns, A high-speed 297TMHz clock iz utilized to reduce
the double digital sampling perind. Additionally, an analog CDS
is used to reduce the ADC period for the reset signal Vg by elim-
inating the analog offset of the pixel and the comparator output,

: 4

5:

Bareer seme |

=1 e ‘I
2

Wy =] : DR il
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R B el
e A, | VEDE TN B
e mat -
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Fagura 21658 Column-inline dedl COE arbilisctadn.

References;

[1] A L Erymaki, ¥, E. Bock, N. Tu, D Van Blerkom, E. B Fossum, "4
High Speed, 240frames's, 4.1-Megapixel CMOS Sensor,” [EEE Trame,
Electron Deviees, vob. 50, no. 1, pp. 130-135, Jan., 2003.

[2] K. Mabuchi, M. Mukamuara, E. Funatsu, T, Abe, T. Umeda, T. Hoshiaa,
R Buzuki, H. SBumi, *CMOS lmoge Sensor Using a Floating Diffuskn
Driving Buried Photediode,” ISS0C g, Tech. Papers, pp. 102103, Feh,,
0, EHagiwa'ra 1975 mwvention | JPA 1975-1349E5
[3] W. Yong, 0. Kwon, J. Lee, G. Hwang, 5. Lee, “Infegrated B00=50X)
CMOS Imaging Syatem,” IS0 Dig. Teck, Papers, pp.3HM-305_ Feb., 1534,

110



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 Base Emitter Base Emitter Base
with a very low price of $ 500 (7) from Bell Lab USA in 1954, (1) ré—é;—é—[ﬁ—éj
(1) Kawana, Yoshiyuki at Sony invented the low '
collector On-Resistance N+PN 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
light etching and new SiO2 Passivation technique
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 N |
wall SiO2 formation to reduce the leakage current.
Epitaxial N+
(3' Hagiwara, Yoshiaki at Sony invented the P+NPNsub x
junction ( thyristor ) type Pinned Photodiode, which is s
identical to SONY Hole Accumulation Diode ( HAD ), (3) C1G 8CCO

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.
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Physiecs and
Technology of
Semiconductor
Devices

by A.5.Grove

19569-1970

with Prof. Tom McGill @Caltech Campus
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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 1S5CC1974
in Philadelphia in Feb 1974.
CalTech/IPL NASA (IBM)
computers were used to
perform three dimensional
(x,yandt) 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 )

which defines a P+NP/Sub junction type Pinned Sony Original

Photodiode with Vertical Overflow Drain (VOD) PIRD Shnmar _
HAD = Hole 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
Image Sensor Story 113
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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

EEEE FOWEMAL OF BOLID-STATE CIRCUITE, VOl 8540, MO i, BETOME 1/

128-Bit Multicomparator
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Prof. C. A. Mead and Yoshiaki Daimon Hagiwara
working on the silicon chip design at Caltech in 1972
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128-bit Multicomparator chip, designed by Hagiwara
in 1972-1973 and fabricated by Intel PMOS process.
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Yoshiaki Daimon Hagiwara BIO in 1976

Yoshiaki Hagiwara was born in Kyoto, Japan,
on July 4, 1948. He received the BS. . MS,,
and Ph.D. degrees from the California Institute
of Technology, Pasadena, in 1971, 1972, and

® = 1975, respectively.

Since 1967, he has served several research

voss groups in the Institute. He worked as a Data

- Processor in hydraulics from 1967 10 1969, en-
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gaging in the analysis of the pressure distribu-

tion of solitary waves, the influence of the

geological features of a harbor upon the in-
duced standing-wave amplitude in the harbor, and the diffusion mecha-
nism of polluted objects in moving fuids. From 1969 10 1971, he
worked as an Experimentalist in the Material Science Department and
studied the switching and other electronic properties of newly developed
amorphous alloys from the low 1emperature of 4 K 10 room tempera-
ture. From 1971 to 1975 he was a Research and Teaching Assistant
both in the Electrical Engineering and Physics Departments at the Cal-
ifornia Institute of Technology. In the summer of 1971 and 1973, he
visited Sony Corporation, Tokyo, Japan, as a Product-Appraisal Engi-
neer at the Atsui plant and engaged in developments and applications
of bipolar technologies in video and power integrated clrcuits. He is
presently with the Sony Corporation, Tokyo, Japan. His interests Lie
in the areas of digital and linear integrated circuit designs, the physics
of microelectronics, and artificial intelligence.
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Prof. Yoshiaka Hagiwara at Sojo Universty was on TV .

The AIPS Self Driving Cars are on the way in near future.
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Artificial Intelligent Partner System(AIPS) Home Page Top
hagiwara-yoshiaki@aiplab.com
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