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Digital CMOS image sensor

with highly sensitive and no image lag Hagiwara Diode ( pinned photo diode )
We need also an AD convertor absolutely !!!

1 , (3) Brain Memory Cells
(1) Regnaiyerye Cells We don’t need CCD any more !
=  Retinal blood

retina
(2) Charge Transfer Nerve Fibers

(2) CMOS type digital CTD

(1) Hagiwara 1975 Retina Diode ( pinned photo diode)

But we still need Hagiwara Diode to achieve high sensitivity and no image lag.
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Excellent Blue Light Sensitivity and No Image Lag with Adjacent P+ Channel Stops
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Excellent Blue Light Sensitivity and No Image Lag with Adjacent P+ Channel Stops

Sony SSDM1978 Paper by Hagiwara Pinned Photodiode explained by
Semiconductor History Museum
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P+PN-PP+EA R ABEit DIRE IR RAE (AIPS)
Sonyld [ 1 9 7 55FICFKED VOD#EEE 2 1FDPinned Photodiode (PPD)D&BAET: | LHiE L 7=,
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Proc. of the International Conference on Electrical, Computer and Energy Technologies (ICECET)
9-10 December 2021, Cape Town-South Africa

Invention and Historical Development Efforts of
Pinned Buried Photodiode
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Yoshiak: Hagiwara &
Si02 $i02 5
2 AIPLAB o W
P It hisfesp h+
h+
ad! tificial Intelligent Partnar System (AIPS) N ll
N 1 1
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5i02_| | " hagiwara-yoshiaki@aiplab.com ¢ |4 @ \ith no Image Lag si02
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Fig. 5 The N+N-P+NP-N triple junction Pinned Photodiode which is a Fig. 6 The N+N-P+N double junction Pinned Photodiode which is a

g o . SRS cti 1 S icati 975-127647.
reproduction of a figure drawn in Japanese patent application JPA1975-127646. repradicticn of & figiie dws . Jepancae pulest sppiosticn JALS7 120041
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#IE BB (AIPS)

Proc. of the International Conference on Electrical, Computer and Energy Technalogies (ICECET)

Q-1 December 2021, Cape Town-South Africa

Pinned Buried PIN Photodiode Type Solar Cell

Yoshiak: Hagrwara

P+PN-PP+EA R AMEEORR WERDN+P single EFSKEER
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W Light
—4— 0- —_ L @ ot ] - d . -"51 [P]—AE One Unit Cell of P+PN-PP+ junction type Solar Cell, which can be connected in series.
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(3) BF vy 42—t Pinned Photodiode #19754
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Set V(0) = Ground Voltage.
Then we get V(i) =ixV(1)
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ccd - Difference between Buried Photodiode and Pinned Photodiode - Electrical Engineering Stack Exchange
https://electronics.stackexchange.com/questions/83018/difference-between-buried-photodiode-and-pinned-photodiode

@ELECTR'CALENG'NEER|NG [# B A Pinned PhotodiodeDFBAE 7| LBIEL TWLW3,
Difference between Buried Photodiode and Pinned Photodiode

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.

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 Si/SiO2 surface contributes to increased leakage (dark current) and noise
(particularly 1/f noise from trapping/de-trapping). So confusingly a buried PD avoids pinning of the
fermi-level at the surface.

I've edited this Answer to acknowledge Hagiwara-san's contribution. It has long been incorrectly
attributed to Teranishi and to Fossum (in CMQOS image sensors)

“The first Pinned Photodiode was invented by Hagiwara at Sony.”

“It has long been incorrectly attributed to Teranish and to Fossum.” 028
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https://electronics.stackexchange.com/questions/83018/difference-between-buried-photodiode-and-pinned-photodiode

@ELECTR'CALENG'NEER|NG [# B A Pinned PhotodiodeDFBAE 7| LBIEL TWLW3,
Difference between Buried Photodiode and Pinned Photodiode

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.

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 Si/SiO2 surface contributes to increased leakage (dark current) and noise
(particularly 1/f noise from trapping/de-trapping). So confusingly a buried PD avoids pinning of the
fermi-level at the surface.

I've edited this Answer to acknowledge Hagiwara-san's contribution. It has long been incorrectly

] PR— : i CMOS | :

“The first Pinned Photodiode was invented by Hagiwara at Sony.”

“It has long been incorrectly attributed to Teranish and to Fossum.” 029



Fossum @ 2014DIEEED{XICIIEEBIRDEE L H 5,

[1975FE DFKE D HEEEFICHSSDM1978 1 DB H R TEHEEEE (B&EoA W)

DER\FAGLV] EHELTVLS,

FOSSUM AND HONDONGWA: REVIEW OF PINNED PHOTODIODE FOR CCD AND CMOS IMAGE SENSORS

Fossum did not quote the in-pixel source-
follower Active Circuit invented by Peter Noble in

1966. Fossum did not invent Active Image Sensor (APS).

In 1993, a CMOS active pixel image sensor (APS) with
intra-pixel charge transfer was proposed by Fossum et al

at JPL [30], [31]. Performance 1mproveiﬁnf using backside
Wrong

‘“ Pl 1 Oudismin Pudes 2 Caborem MNalwr 2

w.‘ ';NI 1‘ v~
¢ up : OV“ =0
To Cudvme Iw
Ted
In ﬂzm

- Nsove Fudbrase
i Crarrvent Aeplatsr

OND oV Lowed PMOS

Active Pixel Sensor invented by Peter Noble in 1968
used widely in Modern CMOS Image sensors

- [6] P.J.W. Noble, “Self-scanned silicon image detector arrays,” IEEE

Trans. Electron Devices, vol. 15, no. 4, pp. 202-209, Apr. 1968.

on the active photo sensor with the built-in source-follower
type 1n-pixél current alpllfler circiit, a very important

element for modern CMOS image sensors.

Sony does not use the LOCOS Isolation which
has the serious thermal oxidation stress and degrades
the image sensor chip-yield and causing surface dark
and crystal defects. Sony use the defect-free high energy
ion implantation and the Lamp Anneal Process invented
and developed by Kazuo Nishiyama at Sony in 1978.

P+ surface may become
Floating High Resistivity

Pinned Photodiode with LOCOS Isolation
described by Teranishi in 2014

Pinned Photodiode defined by
Semiconductor History Museum

Pinned Photodiode reported
at SSDM1978 bv Sonv(Hagiwara)

== _ '-,,/m
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Fossum @ 2014MDIEEED/C I I3EE

e DECEHD D D,

Difference of (1) NEC Buried Photodiode (BPD) with image lag problem

(2) KODAK Pinned Photodiode (PPD) with the LOCOS isolation
and (3) Sony Pinned Photodiode (PPD) without the LOCOS isolation. But,
Sony used the high energy ion implantation and the Lamp Anneal method which
was invented and developed by Kazuo Nishiyama at Sony (JPA1981 -30113).

(1) NEC BPD

NEC IEDM1982 Paper
Floating ra v-CCo

- SOy
~

~
2~ C———

o
No P+ Channel Stops

Fig. > PONP- structure pRotodode

W Unat Onll Cross sectongl vew

'.? !_:f:....':':_':.."} N
| Y% b
l’

+ / -
- - e o -
l -“9‘-- D IJ:E

3 #L‘. .

LR R *

There is still image lag

(2) KODAK PPD

The surface P+ layer
is NOT connected to
the LOCOS P+ layer.
The surface P+ layer
may be floating and
this photodiode may
have serious image lag.

SSDM 1984 KODAK Paper

Serious Image Lae ?

(3) Sony PPD

___%q——;——— | ]

JPA1975 -134985

43 6 I o 2
i » [r‘-— c
A S 1~ A~ > }J.Lu-
@ - —= \
= \ l’ Pinned Grounded
- Surface —

t
SSDM1978 Sony Paper
L= L o f
2§ < K

" S
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1980FEDFFFICHLIEDM1982M & Ic $ Locos Isolation DRI EETH S, LW2ORICH DR ICIELocos Isolation A*RARICEAEI ATV S,

20014512818(8) BRI A 7 « TEERNHS ITE Technical Report Vol. 38, No. 47
1ST2014-52(Dec. 2014)
(Invited) Effect and Limitation of Pinned Photodiode (1) NEC (Teranishi)
s 2 233 Buried Photodiode
Nobukazu Teranishi at IEDM1982
Abstract The pinned photodiode (PPD) is the primary technology for image sensors and used in almost all CCD  p*gyer N /-
image sensors and CMOS image sensors. This paper discusses effect and limitation of PPD, especially dark { ‘N N
current and electronic shuttering. Even when PPD is used and silicon surface i1s neutralized, proposed model ) -
explains that GR centers at the silicon surface contribute the dark current. The temperature dependence is an -~ \

activation type with activation energy, E,, not £./2. It 1s important to reduce GR centers for dark current reduction '1

N"

at PPD also. It 1s also noted that the vertical overflow drain (VOD) shutter combined with PPD has potential of
high speed shuttering with small skew.

(2) Pinned Photodiode with LOCOS Isolation
described by Teranishi in 2014

TO (3) Pinned Photodiode (4) Pinned Photodiode explained by
Sony(Hagiwara) 1978 Semiconductor History Museum

** Pinning GR Center

i T —

:

g}
¢ ; + N
' 1 X~ ) !
2 FD : }‘ e —F N =
Ip ; P wel | E
T T T
1 : . 1
e ! Nsuwb! !
4 N .
| Photo Diode Transfori CCD

Practical and Actual Pinned Photodiode does not use LOCOS isolation, but
with the adjacent P+ channel stops formed by Deep High Energy Implantation
with Lamp Anneal technology developed by Kazuo Nishiyama at Sony in 1978
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P+PN-PP+iES R XEERDIRE R RAE (AIPS)
Buried Photodiode with Floating P+ Surface of Serious Image Lag Problem

The parasitic capacitance coupling with the surrounding depletion region and the gate oxide.

Pinned Photodiode must have the adjacent heavily doped
P+ Channel Stops Region or a metal contact as an option CTG
as shown in JPA 1975-127646, JPA1975- 127647 and
JPA 1975-134985 invented by Yoshiaki Hagiwara in 1975.
See also SSDM1978 paper by Hagiwara in 1978.

Si02 /s

P-type Substrate
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P+PN-PP+E& R KB E b DIZE #kIR RFE (AIPS)

Difference of Buried Photodiode and Pinned Photodiode

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

mv \oo-o-o-t»ccy L 09 (Lsperiment) v
Floating Surface P+ region ﬁ qu | “w—x--a= Gorogecdle Decrors {10 .~
o of PO (Laparimant) %
\‘ e el =
= <08
g s A :
> o
= ‘$ %.5 §
3 Sr 'Y e “:
> ]‘/ \b \m Fleld ™ %
Serious Image Lag Problem e 5 ®
8 8 6 c\ \D\“ l 'Pz g
rd Flero SR o
NEC IEDM1982 Paper N . 1. &
H 0 S ok Y
Floating ., 5 y-cco
+Layer N ody TG Chonnel Potential (¥1
Prlayer —'—] . There is still image lag
‘ N i N at the CTD gate voltage more than 10 volt.
L ] Y . Fig-6. Storageable clectrons vs. transfer gate channel
’ Substrate‘ - - potential, and CGecCay g vs. transler pgate
N ' channel potential in the P*NP™ strucCture
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. 034



P+PN-PPHEAR KB T DIRE IR REE (AIPS)

Difference of Buried Photodiode and Pinned Photodiode

(a) Floating P+ Surface Completely Isolated (C) Completely Pinned P+ Surface with RC=0

by the extended depletion region with Surface Direct Metal Contact.
ciG

P-type Substrate

“#

(b) Floating P+ Surface with RC Delay Time (D) Completely Pinned P+ Surface with RC=0

of the finite ohmic substrate resistance (R). with Adjacent Heavily Doped P+ Channel Stops
CIG

C1G

P type Subatrate
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Pinned Photodiode ® %BA & BAHEE H

(1) 197 0FLUFIIE_Single SRS KRS o7,
(2) 197 0FICCCD/MOSEERZHERFHIFHFIHAINT-,

(3) 1975&F6AHIC FF»4d Philipsttick V)
Double E&E DB HIAHPhotodiode BFEB I 7=,

(4) 1975F10H23HIC Sony (&) I3
Global Shutter #&#EfT % dDouble & TripleiZE&E D
KD LW Pinned Photodiode A3%BA L 7=,

(5) 1975&F11H10HIC Sony (&) I
EHIR(N)IZPNP DoubleiE& & 2 L T VOD{HFD
& D7\ Pinned Photodiode #%HBA L 7=,

(6) 197 7%#I1cSony (FE) (& PNPN(Thyristor)ii&
DRHREZEFICHEWT Punch-thru Action 2FJHL T
& D 1 B FShutter Clock BEEN AKX ZFBA L 7=,

(7) 197 8%9H SSDM1978 ICT Sony (FIF) &

BEOLEWV EERSFEXORBERSEICTChRABER
#ME DL LWDouble iIEE 8 dDPinned Photodiode 5 T
MO THELBFAE TRROBFAENREDESTEHRE L -,

(1) Before 1970

_ P N + <Si02
/L
! 7/
P N+ Si02
L
— 4 .
. Nl
Y
/11
\\\\ i P P oo
PR\
L Y///////I////Il////// u B
— N + Floating Storage Region

|
Light
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P+PN-PP+iES R KIFEHDIRE #IE BB (AIPS)
RRDON+PEASRKBEEHIE. KBEAXOEERXIRLF—KDLZEKICLTWS,

(1) #Ekd Single EAR KR EMTIEIZRED FloatinglREET
BRREICIIFRBEFEEF(hole) DRT7T 2B T B /1Y FE
HEEHLILEL., EERFEBHXDODNAETIMENIEE ICEL,
(2) BNREIC P+P DEEQARZ2ITT. ERRFEROBRES
mEIE7. P+PNPP+O X 7 VIESOHBXKEEMICICET %,

N (1) fekB! Single N+PiES D KIZE;
71\ %%%Eﬁ‘ FIoating 1*?31373% & ﬁ‘ﬂij(a)ﬁ:ﬁh‘gf% 3,

Ml -Hﬂ —

Depletnon Floating N+ Surface

\ Low Solar Cell Efficiency 3 ¢ @~ Reglon :
by Photo Pairs Recombsnation . . . S” of Electrons

B¢

Blue Light

Mot |

S5ea of Electrons . : : : Sea of Electrons
AN T ol o 8
. . Load
N : fd

=
, Rad
— N + Floating Storage Region
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Pinned Photodiode D $HA & FFEE 7 (1) Before 1970

(1) 197 0%LEGIE Single BARSRETF o1, _
(2) 197 0%ICCCD/MOSBRERZXRFHIEBAINT, P N 4+ 3192
E— |
1 Light
Hagiwara(Daimon), ISSCC1974 Student PhD Paper -
on Buried Channel Charge Coupled Device (CCD)
‘}'“‘3 “"é’ uvé' ] Vr'""?z ""3 nvé' y Vr'nv? ""é’ 5 . ‘3-']
= = (2) CCD Bell Lab, USA 1970

Vpin

P type Substrate

— . .
T P [N~ [sio Light
e\ : e_\ . e_\ _
e- &= =~
o I s S oo = J ST R SO I, ISSCC 74/THURSDAY; FEBRUARY 14, 1974/COMMONWEALTH H-J BALLROOM/1 :30-5:45 P.M.
‘ o O s Sy e S ™ Chairman: Lewis M. Terman

E min = 1796 voit

€ mmin™ B24 volr/om

IBM T, J. Watson Research Center, Yorktown Heights, M. Y,

z
Minimum Potentiol @ (volt)

N

0

THPM 13.1: Charge Transfer in Buried-Channel Charge-Coupled Deviges*

b - oa0m ot e - ;,::‘ Yoshiak Daimon, Amr M, Mohsen®*and Thomas C. MeGill
(b) Polysilicon aru: Metal Over!llpptnu GnleLBCCD = Eﬂﬁfﬂ'l'ﬂrlﬂ Iml u:f TE:Q-I WIH‘H‘
Pasadena, Cal.
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Pinned Photodiode ® %BA & BAHEE H

(1) 197 0FUFNE Single ZEERZXRFE -7
(2) 197 0FICCCD/MOSEERZXRFHIEPAINTS,

(3) 1975%6HIC 7 > Z @D Philips

Double A% @18 A ZPhotodiode 73 FFBAX t.7-

Floating Surface P+NP Double Junction
Buried Photodiode with RC delay time

Cox

..........................................
oee
.....

P-type Substrate

JPA1976-65705 on PNP junction Buired Photodiode
Priority June 9, 1975 Netherland Patent 7506795

1“111 le‘l

7 15 12 13 7 3
z , |
\‘:F:\\\\\ \\\\‘f\ o/,
7 —t4
NN ’v’['/\

V/ A A A

22 23 F|g 2 18 21 20 '\2

-.?__;‘

SHREDVTELEIC
EXEETE TRCEE
hial, ev8o
ShTuwhwneg,
IEBHIAHANE I
ST ZILIIER
L&,

1B HIAHNIEH
FELEBYER
ZzitIniL
RIGIEILLCEBD
CDZHEETIE
HiFEBYIZIF
BHhuw,

(1) Before 1970

_P N-I—

|
L Light

Si02

(2) cCD Bell Lab, USA 1970
Vpin

Light

P [N~ [sio

(3) Philips June 1975

T P ‘N_‘P <Si02 .

Light
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Pinned Photodiode ® %BA & BAHEE H

(4a) Sony (Hagiwara) Oct 1975 JPA1975-127646

(1) 197 0FLLEIE Single IEEBIZNEF o1,
(2) 197 0FICCCD/MOSARERZTHAEFHFFMAINT-, Ves
@

(3) 1975&F6AHIC FF»4d Philipsttick V)
Double E&E DB HIAHPhotodiode BFEB I 7=,

(4) 197541082 3HIc Sony (#&) X
Global Shutter #ge{J = DDouble & TripleiZzSE 0

%% D7 LWPinned Photodiode AA%BA L 7=,

(5) 1975&F11H10HIC Sony (&) I
EHIR(N)IZPNP DoubleiE& & 2 L T VOD{HFD
& D7\ Pinned Photodiode #%HBA L 7=,

FZHRMEE
R xd oo EARE
ISRRERD

3
A et

RBEHINT e

(6) 197 7%ISony GRE) I¥ PNPN(Thyriston#gig 3. %8 |

DZIHFEFICHEWT Punch-thru Action ZFJFHL T REBDER

%15 D% \WEFShutter Clock SR8 A% FBA L 7=, e &

o™

(7) 1978498 SSDM1978 i=T Sony (FE) I3 Global Shutter 1}

BEOEV ERREEXOBERSMEICTChRERER (EETR0A0

#E D EWDouble EEE DPinned Photodiode 15 T ﬁiﬁwﬁéﬂﬂ'éi&

N THFE L BB THEROBFEAREDF

STHRE LT

Si02] | it

—

P

Vpin

- o~ -
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Pinned Photodiode ® %BA & BAHEE H

(1) 197 0FEMUHIE Single EARZHREFI -7, (4b) Sony (Hagiwara) Oct 1975 JPA1975-127647
(2) 197 0fICCCD/MOSEERSZNEFHIFREIAINT-,

Global Shutteri&i& -

(7) 1978598 SSDM19781=T Sony GKE) & onmcss @ ‘
ZREoLhV» ERRFEXOREREICTCNRARER stobal shutter | & Transfer with
#Z D% Double #E5E DPinned Photodiode % # 3R T o 1 y v ¥ ,
MO TR LEFETCRROAFENREOEESTRE L1, w7 11 B 1A

Barrier Electric

Vs SI02 | gt
(3) 1975%6AIc #5>%D Philipsttic & Y NIPIN T
Double &8 0l &HiA#Photodiode *FEEA S 7=, Vpin
(4) 1975%10823HIC Sony GRE) I A c
Global Shutter #%ge{J = ®Double & TripleiEzSE D SN EE L > P+ N+
7% D 7% L Pinned Photodiode #5683 L 7z, ERRE gn .m .
wmEHINT
(5) 1975%11A10HIC Sony GRE) & ekEmr A § B
EHR(N) ICPNP Double#&&E /2% L T VODfI D R D E A L] _
&N %\ Pinned Photodiode %A L 7=, s, IREEE S
] . ! i ': 4.:———6 —-/ﬂ{./:'\./\ A
(6) 197 7%#I1cSony (FE) (& PNPN(Thyristor)ii& _'L.:/ > i N
DEHFFICHWT Punch-thru Action ZFIFAL T e e AT W iy sl
5D % WEFShutter Clock BREIAX % FEAL 7=, Al WO ] e-_.j(‘)" I
= f#iClockBRE 77 | ; LD

b R Field Photo Pair
Complete Charge &
Generation
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Pinned Photodiode ® %BA & BAHEE H

(1) 1970FLHEIE Single ESRSHEFE o1, (5) Sony (Hagiwara) Nov 1975 JPA1975-134985
(2) 197 0FICCCD/MOSEERFZHEFHIFHFIHAINT-, Si02
P [N—-|P L Light

(3) 1975F6AHIC #F7»&ZnD Philipsttick V)

Double E& & DB ¥HiA#Photodiode HFEBE S 1=, Vpin
(4) 197551082 3HIz Sony (FE) I BHEEE
Global Shutter ##EfT Z ®Double & TripleiZ&® n ;g’tﬁﬂ:ggu UD
KD 7 L Pinned Photodiode A°%BA L 7=, Emlt, B
%xﬁiﬁt
(56) 1975%11810HIc Sony GKE) I¥ prebre oy
E#R(N)ICPNP Doublei%Ai%ﬁ/EE LT VODﬁd) R > 72 Light
ZIRD L Pinned Photodiode Z3BA L 7=, Exc?s Charge ®O5H

2 16 o.M

hy 2 4a 3 R
(6) 197 7&FIcSony (FkIR) X PNPN(Thyristor)#&i& 4] "

DRHREZEFICHEWT Punch-thru Action 2FJHL T
& D 1 B FShutter Clock BEEN AKX ZFBA L 7=,

(7) 1978%£9H SSDM1978 =T Sony GKE) I , { \
REDLG W HERFEXORERFEICT CNERABER P
ME=nDE WDouble EEE DPinned Photodiode 2R T LT
O THELBFRETRERODAFRENREDFELS TIRE L 7=,
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Pinned Photodiode ® %BA & BAHEE H

(1) 197 0FLLEIE Single IEEBIZNEF o1,

(2) 197 0FEICCCD/MOSEERZHAERTFIPFHRHAINT-,

(3) 1975F6AHIC #F7»&ZnD Philipsttick V)
Double E&E DB HIAHPhotodiode BFEB I 7=,

ZRE

(5) Sony (Hagiwara) Nov 1975 JPA1975-134985

P IN-|P 5i02

— Light

Vpin

THRMEFH

(4) 1975%€10A230Ic Sony GRE) & 2
Global Shutter #&#EfT % dDouble & TripleiZE&E D

% D7 LWPinned Photodiode A¥&EBA L 7=,

HH %5 EH)

#rlL1-, EF VOD ND
e oo
Bl oo £l 5 1A

ICwmEHTHIL

RARMER? > 7=, F 2
Ig. 6

(5) 1975%11810HIc_ Sony GkE) & -
ER(N) ICPNP Doubleiz& & &2k L T VODff @ CER &
R DAL Pinned Photodiode ZH#EBA L 7-. SHRE L -
Eggégﬂ A v
(6) 197 7%I=Sony GXKE) X PNPN(Thyriston) & #mzman< -5 .
DENFEFI2HBWT  Punch-thru Action ZFJFHL T lgﬁgga PRt Bde ) ,___.g“'“ | Back Side )
WS E . H = SLEL . "
%G D WEFShutter Clock EREN A= FBAL T ggfg%?g? o .!ﬁ'—-’-“""
ZENARTHD, a ete Cai
(7) 1978&9H8 SSDM1978 (=T Sony GKE) I3 B \@“ wouw HAD
REDHEWV EERTFEXORERFEICT CIERABER g

ME DI WDouble IEESE DPinned Photodiode 252 T

NHTH¥ELBFEFETRROBEEANRENFRTHRE LT,
043



Pinned Photodiode ® %BA & BAHEE H

(1) 197 0FLLEIE Single IEEBIZNEF o1,
(2) 197 0FICCCD/MOSARERZTHAEFHFFMAINT-,

(3) 1975&F6AHIC FF»4d Philipsttick V)
Double E&E DB HIAHPhotodiode BFEB I 7=,

(4) 1975F10H23HIC Sony (&) I3
Global Shutter #&#EfT % dDouble & TripleiZE&E D
KD LW Pinned Photodiode A3%BA L 7=,

(5) 1975&F11H10HIC Sony (&) I
EHIR(N)IZPNP DoubleiE& & 2 L T VOD{HFD
& D7\ Pinned Photodiode Z%BA L 7=,

(6) 197 74I(CSony (Fk[E) ¥ PNPN(Thyristor)i&:&
DRHXZFICHBWT Punch-thru Action ZF|FHL T

D VE utter Clock & T <o

(7) 197 8%9H SSDM1978 ICT Sony (FIF) &

REOLW EERFEXOREREICTCNRABER
HE DV WDouble #ESBDPinned Photodiode Z1#H5R T

NHTH¥ELBFEFETRROBEEANRENFRTHRE LT,

JPA1977-126885 rTG ICCD

NPNPN+ & Multi #6868 o
SHFEFFIE. PNPNESD
Thyristor BEZ &L,
Punch-thru &&E® Switch
BMEx2 T ADIIXEMTE -7,
%’)’Zl?(i%ﬂ’&ﬂt\ﬁﬁ L T1975%
EFShutterzHHA L 7=,

!& JPA1977-126885 [X]12

OFD
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Pinned Photodiode ® %BA & BAHEE H

(1) 197 0FLLEIE Single IEEBIZNEF o1,
(2) 197 0&EICCCD/MOSEERZAREFHFEHAINT-,

(3) 1975&F6AHIC FF»4d Philipsttick V)
Double E&E DB HIAHPhotodiode BFEB I 7=,

(4) 1975F10H23HIC Sony (&) I3
Global Shutter #&#EfT % dDouble & TripleiZE&E D
KD LW Pinned Photodiode A3%BA L 7=,

(5) 1975&F11H10HIC Sony (&) I
EHIR(N)IZPNP DoubleiE& & 2 L T VOD{HFD
& D7\ Pinned Photodiode #%HBA L 7=,

(6) 197 7%#I1cSony (FE) (& PNPN(Thyristor)ii&
DRHREZEFICHEWT Punch-thru Action 2FJHL T
& D 1 B FShutter Clock BEEN AKX ZFBA L 7=,

(7) 197 8%F 98 SSDM1978 (=T Sony GXKF) p;t

REDHT\V FEERESEILOREREICT ChREABER
=D H: L Double B DPinned Photodiode

K

% THFE LABAETRROHBEENREDT R THE L7

P-type Substrate

SSDM1978 Paper T

_: /\ SSIS Semiconductor
fag o History Museum
ondE o = s p— p———t
Excellent BluesLight Sensitivity N :
; | (| | ’ L=l ” ‘ [ p A\
L ; - Y faL‘ : pe— T P“: ; :
P& . s : :
' v Nsb!
|

Yoshiaki Hagiwara, Motoaki Abe and Chikara Okada, "A
380H X 488V CCD Imager with Narrow Channel Transfer
Gates", Proceeding of the 9th Conference on Solid State
Devices, Tokyo 1977, Japanese Journal of Applied Physics,
Volume 18 Sup 18-1, pp. 335-340 November 1979. 045



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

( by John Northrup Shive, 1950) with lightly doped base region
Large Current Output ’ Sony original Hole Accumulation Diode (HAD)

Shats Teanslitar Emitter Back The charge transfer
Collector Sombel Light device (CTD) can be
<TG CCD or CMOS type.
l \ No Constant
N
o Collector Current is inth;:Le;tora’Cntzzrre:; - Small Charge
:—:> constantly running o @ O ==u Packet Output
Base in the static mode

.;.:,m The photo electrons stored in

Light the base is extracted completely
Hagiwara, 1975 to the adjacent CTD.
Back Light .. JPA1975-134985, Nov 10, 1975

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

Emitter

Siiias Light Cillaiian Vsub — - Complete Charge
Maud or Pauh Extraction from
the N base region
Vwell for low image lag
Base Region P P a7 L and high speed
cc‘gT c?nos high quaity
or . -
Collector Region N Jc— Koo g action pictures
Transfer Devise

~ Front Light 046



1T1CZ Dynamic Photodiode & = U Before Invention of CCD in 1970,
cTG Serious Image Lag 1ijﬁ%|m':‘;§fahg°t°;l°de RCA, Fairchild, NEC, Philips
Output oM . Serious Image Lag

: Vertical Data Line
: Reset

Q(O) T : Time c Large CkT Noise
. \'}
Imagg :-Ta)g |-e VOG
: Output
IC I Cout l """ Horizontal %ata Line — Dutpd
t I H
1TICE _Photodiode with Image Lag After Invention of CCD in 1970,
|s A1V(0) Al\jg‘g - QEB %V(t) 1T1(_2§2 N+P Photodiode I_ RCA, Fairchild, NEC, Philips
....... Lo, ~ ? withimagelagg 1t No Image Lag
S - Vertical CCD
t CKkT Noise - |
1 = Small CKT Noise
Q(t) AV() << AV(0) -
| Ell-ovoe
------------------------------------ > Output
............. | T T T T T T T T T
CkT Noise

Horizontal CCD 047



Hagiwara(Daimon), ISSCC1974 Student PhD Paper tica N+p%ﬁ38,5%(}2"e"t'°" of CCD in 1970,

- . RCA, Fairchild, NEC, Philips
on Buried Channel Charge Coupled Device (CCD) with Image Lag 9 Serious Image Lag

Vi V2 vi V4 Vi V2 Vv3 V4 Vi V2 V3 V4 Vi
l’ll?l[’u?l’ll,ll?ﬂ?lI’llrll?ll,ll’l . .
— Vertical Data Line

0 —— Qs — 0 —0mo

: Large CKT Noise
N type Buried Channel

|-e VOG

—> Qutput
i e Horizontal | Data Line P
J_- -.L-CH
~ - \ N After Invention of CCD in 1970,
& i By 1T1CE N+P Photodiode I_ RCA, Fairchild, NEC, Philips
ith | L
. S wihimaee€e |- No Image Lag
B ey BRI oo e = Vertical CCD
‘ % of =
: N = = Small CkT Noise
“\ s ¢ PHVOG
- i v . 33 » Output
* ARG o £3 T T T T T T T1TTTT

i Horizontal CCD 048

(b) Polysilicon and Metal Overlapping Gate BCCD



Floating Surface N+P Single Junction
Photodiode with RC delay time

CTD

Before Invention of CCD in 1970,
ITICE N+P Photodiode RCA, Fairchild, NEC, Philips

ith | L I
with Image Lag  § Serious Image Lag

¥

JEEEEERREQ

 J

Si02

dEEEEEEEEERE

Vertical Data Line
Large CKkT Noise

|-e VOG

Qusig :

Image Lag

Small CKT Noise

“'IIIIIII:I:IICISIIJIQIIII. .
LTI . - — Qutput
P Smmmam Horizontal ]| Data Line
T -.I_.-CH
" Vere 5 After Invention of CCD in 1970,
LghES ' 2 lds(t)=lo ( Vs — Vech) 1T1CE N+P Photodiode - RCA, Fairchild, NEC, Philips
r Qsig(t) = Qo exp (—t / T) withimagelaeg 11 No Image Lag
V$ ...... A
. ——— = Vertical cCD
-
-
-

Small and Slow Current Flow

— 'ds

v’rl: :
Vcth'“‘
Image Lag

Vd

* timu

ijkﬁvoe

T T T T TTTTTT
Horizontal CCD

» Output

049



Floating Surface P+NP Double Junction C1G

Buried Photodiode with RC delay time CTD
l Cox
CSUQ . S_iOZ \{S X -

P-type Substrate

Figure 10. Capacitor Couplings of the Floating Surface P+ Hole Accumulation Region.

v’ IVCYG 2
Light | Vd |ds(t) =lo ( Vs — Vch )
= = Qsig(t) =Qoexp (-t /1)
VS ...... T
Qsig
' o Vd

Qisig .

Image Lag

lalg
Smellond Slow Curremt Flow X
Vol s e To TTV.
V‘"Im Vd
Image Lag

Before Invention of CCD in 1970,
ITICE N+P Photodiode RCA, Fairchild, NEC, Philips

ith | L I
with Image Lag  § Serious Image Lag

Vertical Data Line
Large CKkT Noise

|-e VOG

- — Qutput
Horizontal | Data Line

T
After Invention of CCD in 1970,
1T1CE N+P Photodiode RCA, Fairchild, NEC, Philips

ith | L
with Image Log o No Image Lag
Vertical CCD

Small CKT Noise

ijkﬁvoe

T T T T TTTTTT
Horizontal CCD

TTTTTT

» Output
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Floating Surface P+NP Double Junction Before Invention of CCD in 1970
Buried Photodiode with RC delay time 1T1CE N+P Photodiode RCA, Fairchild, NEC, Philips

ith | L i
with Image Lag @ Serious Image Lag

Vertical Data Line
Large CKkT Noise

15 12 13 ? '. E IU 9 3
s T .r |

i J

I_.:—|_r

Small CKT Noise

Cv
e VOG
................................... . _ —> QOutput
Horizontal | Data Line
-.I_.-CH
— After Invention of CCD in 1970,
JPA1976-65705 on PNP junction Buired Photodiode 1T1ICE N-+P Photodiode - RCA, Fairchild, NEC, Philips
iori ith | L
PrlorltyJune9 1975 Net1herland Ptatent 7506795 with Image agl - No Image Lag
f 11 |/ i = Vertical CCD
|_
|_
|_

V, DA '
TR \&fk\_“ {\V

I e e

15 2 Fig.2 ' 2 20 Horizontal CCD 051




Completely Pinned P+ Surface with RC=0
with Surface Direct Metal Contact.

CT1G

P-type Substrate

¢

JPA1975-134985 Hagiwara, 1975
5 6 I
m 5 VoD & & 3

8 s -

v 6 ) hy Z da S 0 Jeo [We c
L § A , ?n—g,, S
R ‘ ; .:I f 80, ,‘:?1 ” {

ﬂ-l‘

No Image Lag

PIAS s b ;z
Jo & / \ M %T
t ‘ 1 ! Empty Potential Well
%631 7 vob .

Before Invention of CCD in 1970,
1ITICE N+P Photodiode RCA, Fairchild, NEC, Philips

ith | L i
with Image Lag @ Serious Image Lag

Vertical Data Line
Large CKkT Noise

|-e VOG

- — Qutput
Horizontal | Data Line

-.L-CH
Triple junction type Pinned Photodiode

with Electric Shutter by Hagiwara, 1975
PNPN junction

Pinned Photodiode ¢ - NolImage Lag
Vpin o= = Vertical CCD

= -

o = Small CkT Noise

Sub I_

L PI-.VOG
Electric Shutter Function
» Output
T T T TTTTTTT

Horizontal CCD
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Completely Pinned P+ Surface with RC=0 Before Invention of CCD in 1970,
with Adjacent Heavily Doped P+ Channel Stops 1TICE N+P Photodiode RCA, Fairchild, NEC, Philips

ith | L i
with Image Lag ¢ Serious Image Lag

Vertical Data Line
Large CKT Noise

Cv
e VOG
- — Qutput
Horizontal %ata Line
H
P-type Substrate . ] ] j_- .
Triple junction type Pinned Photodiode
# with Electric Shutter by Hagiwara, 1975
SSDM1978 Paper —_— _PNPN junction I_
- Pinned Photodiode @ - No Image Lag
i /\ SSIS Semiconductor v O I_ _
g::/ ‘ History Museum pin P+ il Vertical CCD
i i - N
et f\ :—E.\ on =  Small ckT Noise
Excellent BluecnghtSTnsmv‘lty - iﬁl_‘ Sub I_
Ll JL*;—, T -l L 1:Il-ovoe
' : T : Electric Shutter Function
BT > Output
Inmnm'mm' ~y T T T T TTTTTT

w o Horizontal CCD 053




Completely Pinned P+ Surface with RC=0 Before Invention of CCD in 1970,
with Adjacent Heavily Doped P+ Channel Stops

CTG

1T1CE N+P Photodiode

RCA, Fairchild, NEC, Philips
with Image Lag _f_

Serious Image Lag

Vertical Data Line
Large CKT Noise

|-e VOG

- — Qutput
Horizontal | Data Line

T
P-type Substrate

Triple junction type Pinned Photodiode
¢ with Electric Shutter by Hagiwara, 1975
PNPN junction -

- Pinned Photodiode ¢ - No |mage Lag

JPA1975-127646 JPA1975-127647 SSIS Semiconductor _ .——|
Oct 23, 1975 Oct 23, 1975 ( History Museum Vpin Pt = Vertical CCD
CHEOmE - -
e e = N o = Small CKkT Noise
- il w | i N

i = Ay il Sub -
e L L L e VOG
L | Lo Electric Shutter Function

S T s TTT T T T T outeut
i _\/ i | oo Dide T D

JPA1975-127646 X1 7 £/ pa1975-127647 X i Oce - Horizontal CCD 054



Fossum @ 2014DIEEEDRXICIXIEEERFZEDREHDLH 5.,

Hlstory of DRAM Cell ( Source Follower )

vda

s | = a
._.T ‘T
o‘" uuwcmzusn w'l

Enomoto (NEC 1965) ®ill Regits (MHoneywell 1969)

before ‘“‘ intel 1101 ISSCC1970, Philadeliphia.
History of Photo Diode Cell ( Source Follower )
pg Ugm Vod PGEVOG Lighe Vad
i i B o A
el o i
& i 1 HAD T
VGG o] l our ouT l
ouT
Comventional Active Piasl Choult after Peter Nobel. 1966~1968

Photo Diode in 1966
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Dynamic N+P junction
Photodiode 1966

Dynamic Charge Packet
Junction Capacitor Memory

Sty T

»CTD —'ﬁl——p CTD

Static PNP Photo Transistor
John Northrup Shive 1950

Static Current Pinned GND
No Memory ? cavrn

Pinned P+ Surface

~N
\\‘@ =) . -@)l A

Floating N+ Surface = & Pzl
] #4555 il [ 5 ] ¥4 50 55 4 i 2] 5
Static
BERAEQ)ICEFTQ%=2EHE - RETIHICLY Dvnamic . -
AEUBIEERON. BEAKERAELOBI D PNP junction
BEL, 7o v AR - BIERE (RC)A%ELS, N TE junclion Photo Transistor
N+P #& PNP#&

Dynamic PNP Photo Transistor
Yoshiaki Hagiwara 1975

Dynamic Charge Packet Binned GND
Junction Capacitor Memory Q ciaLra
Pinned P+ Surface -
% CTGe ™
P P
- - a:;)thjj R l
sl AC | YVop
Pinnéjd GND
- T - !
] P&l 5 =i o] B4
Dynamic Dynamic
PNP junction PNPN junction
Photo Transistor Photo Thyristor
(Hagiwara 1975) (Hagiwara 1975)

PNPiEA PNPNiZ&

LA (BEEA) | AL (BEEA)

______ XBRE 0 [2rnv@mwn |30 @ewn | 2E0 G
ERE FEL RELRESTH | EL KELHESTH) FL haxEsEER| =L MILESEEE
...... e BT B
SEEkIcHTAIHRAZTE| =0 = INE INE L
BF vy X —IE&EE kL (E&HY)| &L E&EHY) Ht) GRELL) HY) (GR&ELL)
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Hagiwara (Sony) invented the in-Pixel VOD Electric Shutter in 1975.
See JPA1975-127646, JPA1975-127647, JPA1975-134985 and JPA1977-126885.

Floating Floating Pinned Pinned

Surface Surface Surface Surface
N+PiEa R PNPiESE! | PNPiZARY PNPNiESH!
HBIOFDHEE 4 L | BRELOFDIEIE ?L L EEEOFD%EH HEEIOFDIEE 4 L gﬁg-__opmgﬁﬁ

ZHETL ) ZHFET

‘ﬁﬂﬂ% BellLab | BeliLab | Philips Sony

Hagiwara Hagiwara
h- CCD 1970 | CCD 1971 | June 1975 § 5 F1g75" | oct 1975
AR SR ﬂ--ﬂﬂﬂ

BT IFIE

—mmm
T T > To T

RARFZAT

It

EREFY Y R—
JPA1977-126885 057



Fossum @ 2014DIEEEDHXIC I B EFRFRDEHEHD B B,

L] . L ]
Hagiwara 1975 patents showed Features of No Image Lag ,
History of Semiconductor Devices 2 - #lag
@ @ Empty Potential Well and Complete Charge Transfer
of the double junction Pinned Buried Photodiodes.
MOSFETO) 8] Bipolar Transistor 0 529/) VT /Y —-ERAE)-R9) -
Al/A1203/Cu2s | 1948%F Schocley et al 1948%F Norbert Wiener (a) Pinned Photodiode defined (b) Pinned Photodiode defined
1926,1928 Lilienfield l 3 1 in Fig. 7 of JPA1975-127647 in Fig. 5 and 6 of JPA1975-134985
Photo Transistor . wmim Metal Cont is opti |
I Wire Bond &Y S [0]280) 8 1958 Kilby at T1 1950*]0::"5“‘\29?:"! Fig. 7A- o oo w m Pinned WHE ju :‘3}» oy
Si MOSFETO) 19 1 - = '
i 1 59470 KHEEE 196171 sipolar BRHLX K (CTD)
| I | 1967%F G.Krause
i
1963 Wanlass MoOs ‘o‘l@“ 1963 Fairchild MOS imager with Pixel 3 Tr Active AMP
| 1,?;’"‘%“ by Peter Noble in 1966
4) TIJAPAN 2237 ( T1and SONY ) (i i ig.
1T1C BIDRAM®D RH8j] T mi::s7:b:|: W%‘n ig. : 8 Cérhplete .charge Transfer
— 5 1 L), ster & d iwith no Image Lag
1966 Ntclﬂ*\ # 1970 SONY 5—TV/l Bipolar IC | “o—+7 1 | Empty Potential Well
RIDRAM Scaling | MOS BBD BYIR#I X 1 (CTD)
Sl 1967 ,,,:) 5:3,:‘ - ®| 1975 Philips PNP Buried Photodiode 1970%F F.L.). Sanster
i ‘ = 1 NEC IEDM1982 paper was not Pinned Photodiode by definition.
I Moored ;%M original) @ 1975 Sony HAD Sensor @ SCco M RWEH X £ (cTo) Difference of Buried Photodiode and Pinned Photodiode
PMD3TIC DRAM MG 1965 Intel _ ':l‘:aNA:It?-nB.I:o’:::::xgl’; 1970% Bayh and Smith Fig::»:ef g:leosd ::;t have the P+ channel stop nearby.
1970 lm.l l I Flaating Surface Pe reguan e .'\ ::: n;z;:-'-“ <‘. o' =
| All MOS Transistor @ 1978 Sony PNP Pinned Photodiode BCCO g!tnmxal(m) 3 N - e
with adi P channel 197‘$MMM = V4 é
Memory Computer fi= Jacent nnel stops . NP Rl p P P §
mu’:g;:azlm m 1970 'm 10 l .;'.f ." | /" ‘?\\‘-. rrete - E
Sarious Frotienm 2 'y "o
NEC Buried Photodiode ( = SONY HAD) @IEDM 1982 e 'ED;;:Z S = i - e e | + g
— m! - @m ”m MPU d)na‘t KODAK Pinned Photodiode ( = SONY HAD) @'EDMlm ﬂ?.tin' ac ve _y-oco T8 Chommas tems ““ 0‘.
lgyer ﬁ
RN 1971 Intel SONY HAD Interline Transfer CCD Imager with VOD TR T TR etthecTo gue voitage more than 10 voi.
| L @D Hooft THISPIN 1987 SONY = —— R e —
#1)0> 1T1C DRAM 0 R IL. g SONY u:o CMOS Imager 2019 NEC IEDM1982 Paper reported Image Lag
1972' 1974 Dennard et .'l m‘e Figure 6 shows that there is still image lag at the CTG gate voltage of > 10 volt.
1975 T with Back Light lllumination and Global Shutter Function
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P+PN-PP+EARABERDIRE v e
Pinned Pinned Floatin Pinned

ﬁ ,E E H?na (AI PS) Emitter N+ Emitter Emitte;'g N+ Emitter
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. —— Base gy e- Base —d
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AEBHZzEH T, FEFXFEFTNNMA REDHEBRERELT A
EENIAXAE L THHOXETCEELLZHEEL TIELWVWTT, f" & EJ‘:
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