Simple Questions on the invention
and the development efforts
of Pinned Buried Photodiode

(Q1) Who invented Pinned Photodiode ?
Hagiwara at Sony invented Pinned Photodiode in 1975.

(Q2) Who developed Pinned Photodiode ?

Hagiwara at Sony developed an analog delay line using
Pinned Photodiode. Hagiwara reported the details in the
SSDM 1977 Conference at Tokyo and showed that the
Pinned Photodiode type delay line has the complete
charge transfer capability with the no-image-lag feature.

Subsequently in 1978, Hagiwara, Abe and Okada Team
at Sony developed a 380H x 492V image sensor using
Pinned Photodiode and reported the details in the
SSDM1978 conference at Tokyo. The Sony team reported
the excellent short-wave blue Light sensitivity feature,
the very low surface dark current noise feature and the
complete charge transfer capability of the image-lag-free
feature of Pinned Buried Photodiode with the adjacent
Heavily doped P+ channel stops formed by high-energy
lon implantation with the convention LOCOS isolation.

Pinned Photodiode (PPD) is always Buried Photodiode (BP).

But BP is not always PPD. BP may have the floating surface

P region with some serious RC delay time which causes the

serious image lag problem. Not many people understands
the difference of PPD and BP. That was all the problem.

PPD needs a direct metal contact or the adjacent P+ Channel Stops.
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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
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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
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SONY- Fairchild Patent War (1991 -2000) on Pinned Photo
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In January 2000, the US supreme court made the
final judgement favoring Sony claims. And the
long SONY-Fairchild Patent War on the PDD with
the built-in vertical overflow drain (VOD) ended.
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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
1975-134985 Japanese Patent officially ,
the First Patent Award from Mr. Ando,

20005 X
HPEEEREN Sony president in April, 2001 after more

26 years of struggles since his invention.
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Hagiwara invented Pinned Photodiode in 1975
Figure 7 of Japanese Patent Application 1975-127647, applied Oct 23, 1975,

Public April 26, 1977 (Patent No. S52-51816)«
7 =

£
Ky z .

A Z - Wy )
— -;;

N
-
N
3
?

'
'
.
'
!
'
'
'
'

C
Fese

- -
wheoasmeamasnanheossdesshasssssese

Yoshiaki Hagiwara invented it and applied for Japanese Patent on Oct 23, 1975.
PNP Double Junction type Buried Channel Pinned Photodiode
with MOS Capacitor Buffer Memory for Built-in Global Shutter Function
An example of Actual Numerical Calculation«
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Yoshiaki Hagiwara, Motoaki Abe and Chikara Okada, “ A 380H x 488V CCD Imager with
Narrow Channel Transfer Gates”, Proceeding of 10th Conference on Solid State Devices,
Tokyo 1978, Japanese Journal of Applied Physics, Volume 18 Sup 18-1, pp. 367-369.
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Japan_Semiconductor_History_Museum_says_Hagiwara_proposed_Pinned_Photodiode_in_1975

https://www.shmj.or.jp/english/pdf/dis/exhibi1005E.pdf
1975-85
Improvement of photodiode for image sensor
(Sony, Hitachi, NEC, Toshiba)
~ Discrete Semiconductor/Others ~

In 1975, Sony proposed using a PNP transistor as the photodetector . 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 to improve the light sensitivity greatly. It was a basic
proposal for a pinned photodiode with a P* layer on the surface of the Iight receiving part.

Next, proposals were made separately by Hitachi and Sony to use the P* layer as the substrate
potential. In 1977, Hitachi presented a structure in which the high-concentration surface P* layer is
connected to a P-type substrate (well) and pinned it to the same potential as the substrate to increase
the charge storage capacity and widen the dynamic range of the photodiode . In 1978, Sony
announced an FT (Frame Transfer) -CCD image sensor, using the photodiode With_the same
M Sony succeeded for the first time in the world in prototyping a VTR-integrated color movie
camera using a 2 / 3-inch 280,000-pixel FT-CCD image sensor that developed this technology, in
1981 11,

Photodiodes are used for photodetectors of image sensors. In 1987, Sony developed a 2 / 3-inch,
380,000-pixel CCD image sensor using a new type of photodetector, now called a Pinned Photodiode
(Sony named it HAD: Hole Accumulation Diode) ', and installed it in the 8mm VTR integrated video
camera "CCD-V90". In the 1990s, the era of passport size video cameras demands compact CCD
image sensors with large numbers of pixels (1/2 inch or smaller with 400,000 pixels or more).

Fig-1 Cross-sectional structure of the IT.-CCD image sensor
(surface irradiation type)

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)
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Applied Physics, vol. 18, Supplements 18-1, pp. 335-340, (1979)
[6] 1. 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
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T. Mifune The 4th Conference
1972 £ An Improvement on Structure of | S.0chi on Solid State 13
8H Charge-Coupled Devices | A.Shibata Device
Y. Kanoh
T.Mifune Supplement to the
S. Ochi Journal of the
1973 4 | An Improvement on Structure of A. Shimada Japan
Charge-Coupled Devices | Y.Kanoh Society of Applied
Physics Vol. 42
Dislocation Configuration Y. Hayafuji Semiconductor
1977 %£ | Under Periodic Stress Field T. Shimada Silicon the .
Caused by a Poly-Silicon Film S. Kawado Electronical 18
on Silicon Society
: : Philadelphia
1977 4 | Two Phase CCD with Y.Ddimon . | The 9th Conference
8H Narrow-Channel Transfer Regions -Hagiwara | on Solid State. 20
— | Devices
M. Abe IEDM
T. Shimada Technical Digest
1977 £ | A CCD Imager with Si0. Exposed C. Okada
108 Photosensor Arrays | T. Ando 27
1 Y. Kanoh
T.Hashimoto
H. Yamasaki
1977 &£ | A Color Camera Utilizing S. Ochi [EEE Densi
118 Zigzag-Taransfer CCD’S S. Yamanaka Tokyo No. 16 31
with Checker-Pattern Y. Kanoh
S. Ochi IEEE Trans. on
1978 £ | A Device Structure and Spatial S. Yamanaka Electron 35
2R “Spectrum for Checker-Pattern | Y.Kanoh Devices
CCD Color Camera | T.Nishimura 1978
: H.Matsumoto 1SSCC
1978 £ | A Zigzag-Transfer CCD Imager T. Ando Digest of
2B Y. Kanoh Technical Papers 41
S. Yamanaka 1978
S. Ochi
“Y:Daimon Japanese Journal
1978 £E | Two Phase CCD with Narrow —Hagiwara | of Applid Physics
~Channel Transfer Regions Vol. 17 Supplement
A 380H><488V CCD Imager with Y. Daimon Japanese Journa;
1978 4E Narrow Channel -Hagiwara | of Applied Physics 44
Transfer Gates == | Vol.18 Supplement
Y.Daimon | The 10th
A 380Hx488V CCD Imager with -Hagi Conference on
Narrow-Channel Transfer Gates | M. Abe Solid State
: C. Okada Devices
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S. Komuro 11TH International
1979 4E | Three-Chip CCD Colour Camera Y. Nakada Television
5H using a Spatial Offsetting E. Hayashi Symposium Montreux 50
Technique | S.Yamanaka
Y. Kanoh
1979 £F | Advances in CCD Imagers Y, Daimon cCD79 57
98 : -Hagiwara
F. Nagumo €SC80 21ST
1980 £ | CCD Digital Color Camera T.Asaida Annual Chicago
S. Ochi Spring Conferrence 62
on Consumer
Electronics (IEEE)
T. Shimada The
1980 £F | An Analysis of Video Deffects Y. Kanoh ‘Electrochemical 76
54 Observed in an Interline J. Aoyama Society Spring
Transfer CCD Image Sensor Meeting
1981 4E | A New CCD Digital Color Camera T. Asaida Digital Signal 79
98 using Direct Encoding Method F. Nagumo Processing
T.Narabu The Trans.
H. Kanbe of the IECE of
1083 #E | A Digital CCD Field Memory for | M.Nakashio Japan 89
98 Video Signal Processing M. Sato 1983
T.Hashimoto
1984 £E | A CMOS CCD Video Delay Line M. Sato 1SSCC Digest of
28 T.Hashimoto Technical Papers 96
S.Ogasawara 1984
K. Suzuki
M. Onga [EEE
1984 4 | Signal Processing ICs Employed | T.Nishimura Trans. on Comsumer
68 in Single chip CCD color Camera| S. Komuro Electronics
T. lizuka 1984 98
M. Tsuruta
T. Kondo
S. Yamanaka
Y. Ogawa [EEE
1985 #E | Development of CCD Imaging Block | Y. Nakada Trans. on Comsumer 100
108 for Single Chip Color Camera H. Yasui Electronics
S. Ochi 1985
' T, Kumesawa ‘IEEE
1985 £€ | High-Resolution CCD Image M. Yamamura Trans. on
8H Sensors with Reduced Smear | H.Terakawa Electron 109
‘ H.Murata Devices '
H. Matsumoto 1985

S.0chi
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T.Narabu ICCE
1986 £E | CCD Delay Line for Video Time M. Nakashio Digest of 115
68 Base Correction | F.Shimura ‘Technical Papers
K.Saito 1986
T.Narabu IEEE
M. Nakashio Trans. on
1986 ££ | CCD Delay Line For Video TBC F.Sinura Consumer 117
8H K. Saito Electronics
1986
M. Yamamura Proceedings of
J.Hojou SPIE Vol. 765
1987 £ | A 1/2-in CCD Imager with I.Hirota 125
510492 Pixels | Y.Ueda
. H,Matsumoto
H.Miura [SSCC
1987 £ | A CMOS-CCD Signal Processor I.Masuda Digest of 131
2A for Skew Compensation | M. Sato Technical Papers
1987
Y. Maki ISSCC
1988 £ | A CHOS-CCD Comb Filter with T.Kondo Digest of
2R Dropout compensation for a VCR | A, Izumi Technical Papers 133
I.Masuda 1988
T, Fukuda
T.Narabu
‘ M. Yamaguchi ICCE
1988 £E | A New Timing Generator IC S.Kunimoto Digest of 135
6H for a CCD Imager | M. Sato Technical Papers
1988
T. Fukuda ICCE
_ | K.Nishitani Digest of
1988 £E | New Video Signal-Processing LSIs | F.Yamaguchi Technical Papers 137
68 8H for 8mm VCRs K. Abe 1988 ,
' T.Narabu
T. Fukuda [EEE
K.Nishitani Trans. on
1988 £E | New Video Signal-Processing LSIs | F.Yamaguchi Consumer 139
68 for 8mm VCRs K. Abe Electronics
T. Narabu 1988
. K. Shinoda International
1988 £ | A CCD Chip for EFP and colour M. Hamasaki Broadcasting 148
98 TV Camera Applications | T.Asaida Convension
F. Nagumo
S.Hara 16TH International
1989 £ | A New High-End CCD EFP Camera T.Nagasawa Television 152
6A H. Terakawa Symposium Montreux
M.Koyama :
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(S35 = % FE52 H#Z H
K.Ishikawa Proceeding of
1989 £E | IT CCD Imaging Sensor with M.Hamasaki SPIE
38 Variable Speed Electronic T. Suzuki Vol. 1107
Shutter | H.Kanbe 173
Y.Kagawa
K.Miyata
K. Yonemoto
K. Yonemoto 1SSCC
1990 4E | A 2Million Pixel FIT-CCD Image |T.Iizuka Digest of
2R Sensor for HDTV Camera System S. Nakamura Technical Papers
‘ K. Harada 1990
K. Wada
M. Negishi
H. Yamada 184
T. Tsunakawa
K. Sinohara
T, Ishimaru
Y. Kamide
T. Yamasaki
M. Yamagishi
M.Hirama ICCE
A 5000-pixel Linear Image Y. Watanabe Digest of
1990 £E Sensor with On-Chip S.Koike Technical Papers 187
Clock Drivers | T,Kodake 1990
' K. Tsuchiya
T, Narabu
M.Hirama [EEE
A 5000-pixel Linear Image Y. Watanabe Trans. on Consumer
1990 #£ | Sensor with On-Chip S.Koike Electronics 193
Clock Drivers T.Kodake 1990
K. Tsuchiya
T.Narabu

Hagiwara 1975 Lab Note shows Pinned Photodiode Structure.
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2A ZZE, fBF. &R | AREBHES 215
‘ | KR, &H TBS36-3
1977 4E | BHEAT-H17 BA, b, 5 | Vo-dhf _
38 research bulletion 234
. No.0O3 PP5-16
1077 4E | BAZIV-LEEEARCBERT | BE. NSH. |BTEE%A,
48 REIE. ZNRy 8 2B b VIR R 247
Pa[ER. ZCBE. FFEF |SSD77-2
1977 4E | AR - fE1TCCDIREBRTF BA, BH. &K | BFEEEA.
48 S BRER. AR, ZhE | 8K MBI RS 257
FFEF, e SSD77-3
1978 £F | EERERE( /-1 EEH R MH. BH. Bk | BTBE%S,
48 COBMBET | L. 5. R Pk VIR s] 267
; FKE SSD78-5
1978 4E | 3 CCD A7-M17D—HERREE NE, BE. T | TVELEIITRES
58 . e, hH FHAOERHAES a1
TBS46-3
1978 £E | BEZERERAY My BEg, FKE I | V-
- 58 « | research bulletion 282
No.10
1978 £ | 3 CCD #7-Hi3 AR e, hig. B4 | TVELSENHE
9H Raj &R, Y BTFEBEWAS 286
ED395
1979 48 | 3 00D #5-11300—HH Wb, (L, AEA | TVELEEVl. 33 .
7 TE ISEI%K\ @g No.7
1970 £ | CCO@L (1 B BRMFELHERS | ggq
| 1980 £E | 104-34 /8 AR CCDIBBE ETF FFEP. LR, PR | TVELSBINRE
| 1A A | BETREWEL 303
o ED481
| 1980 £E | CCDAT-1A5 DRIER 2Tk, B | TVESEREE
1 1A BEAREESNELR : FHREEHFEL 309
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B LN o
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12A thif, {&7E. 184 | Vol. J66-C Nol2 360
1983 4 | REIEHIMCIEME AV ZINOSE Y- | WK, P, AASE | TVERAEE -
CCOBEETF | T, EIF Vol.37 NolO
1984 ££ | /K510 FECCDBSEET F, R, Wi | TVESEIN RS
2A iR, A, FH | HREOBEFEE -
_ wEL
TEBS94-4 ED-773
1984 £ | CCD R/B #IEXR #5-1173DLSIME PR, HH. /PNE | TVESEREE
2H BH. 5. BE | SAOBEEFEE -
ITiE. BE. i WES
BRIER. 1L EE TEBS94-1 ED770
1985 ££ | 45-117FCCDIRERTuy) /NI HHE TVELETRE
2H Lk, B HREAETEE -
WEE
TEBS101-9 ED844
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1989 4 | BEBFUALIHORES i SRR
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1989 £E | 2/31 1E%h 38HEFR JEH. SN /b | 19894
FIT-COMRERT . Rk #0O0 | TVELLEAL 417
NN
1989 £E | 1/24 #6%h 38FHEFZE wH, 8. 1989
| LR IR T-COMRERT | AL r:ta:uij\ﬁ wgéé@jcé
i, ETE., &k 419
. Bk .
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6H | VLD90-22 1CD90-58 429
Figure 7 of JPA1975-127646 Sony 1987 Image Sensor

by Yoshiaki Hagiwara in 1975 with Electric Shutter Function
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FKIFRE 1977 FE I IZEF shutter D clocking BEENAEDEFFHHEL TWLW3,

See JPA1977-136885 with JPA1975-127646, JPA1975-127647 and JPA1975-134985.

38 J7 Hi| 3

g
3/

LR RS T

KRR S Ix Dy s
AR —74 % CCD
AN E SR TEETF vy s %R

RHL— RN LEFRBRERFTHIM9—F1 B CCD T, 2/34FT 38 AL ARBLERBAR ORFLEY=—H'RRIEL,,
BRGNS BB TR THESRAER DD, fMEA—/—T0— FLICERALTRARELES,
HBEINITEOFAMNEL LT, SSICREEMH,ODEEREMAT S,
ZORER, 81dB DI 1F31v7 Lo PhBoNT

31, AEBF v BB, REBRLERICE TIHAERALTVS,
Z4VEZ(3 3 BRER MM TH R AR LK PR (F 330 TV K/24%, B LEH 4 KIBICHERR{E TS/
ZOFRFERLDHAS—HKE 8 mm EFF "CCD-VI0, (CHEBLTL3,

(F5E)

60 NIKKEI MICRODEVICES 1987 %10 B%

Y Z— $MARERIE CCD H¥M
g kR

sBAR BT

B REW

ANl B

HH TR .
VZI—EHtIa52% CCD BESR

e FR

4£E, bhbhZEmEERRICET 7 2/3
AV FRERTIGDA ¥ & —F4 VBAH T —
CCD g Fr2mmtLi: (B, ZORTF
BT OR =R 2,

@ 7K 768 B ¥, EHE 493 EFE L fER L
L5 BEORRERK 2 FH, SEELEER,

@45 =74 YART, HIH TALETF
¥ vy I HRE R BE,

@ #t% OFD (over flow drain) #:& & ##
B7 o Vvs 2R, REWSERBESIX
(F1.4) t@mRE,

—390i—

@HEER 2 Z, BEE Y —  HE LR
EE 1/10 BB
®3EHA T4 7Ba—T 1 » 7 A,
Ih xR REAET 3 2 L TEBAERE OB
BAb & RiF 2 BFEREE EB,
BEELLAEETY v v VEHEBEREL
THIFE L 72 CCD g FEFommic L - T,
BABRERETORHASES S SIZHEKRT S Y
DEEZD,

EEEEND=—XICZ/-ATHE

INETH AT fEbN TV EERER
FiF, BIT07 v ERKER VTR O4EE
BIEHBET LVAVECHD, LrL, EBH
REEAY A TICBERSNZBEEL LTI
ERFR+HTHE, &6, REROTVE
2 VIR 22 b, RIRBEMFREELVPRES
Nnih®, HoW3HH CEIKRGRE T OEE
HitsEEh T3,



iz BSU AT OD 15 1

Sony_1987_Image_Sensor_with_Electrical_Shutter_Function_invented_in_1975_by_Hagiwara

S8 HEECEU/ BRI T @ B ALK 5 Ix DEREA L X—F42 % CCD

FKIE L 1977 FEICIZEF shutter D clocking BBV AEDEFHHEL TW3,
See JPA1977-136885 with JPA1975-127646, JPA1975-127647 and JPA1975-134985.
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See JPA1977-136885 with JPA1975-127646, JPA1975-127647 and JPA1975-134985.
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FKIR I 1977 FEIZIXEF shutter D clocking BRI AEDIFHFHHEL TWLW 3
See JPA1977-136885 with JPA1975-127646, JPA1975-127647 and JPA1975-134985.
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B R IR T

FIE I 1977 FE(Z 1T EF shutter D clocking BEEN AiED4EFFHHEL TW 3,
See JPA1977-136885 with JPA1975l-127646, JPA1975-127647 and JPA1975-134985.
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38 HEE(CEL/-E (R IRIET @ AKIE S Ix D& A X —54 K CCD

FRIR % 1977 FE (2 IEFTF shutter D clocking BRENVSiEDISFFH HEL TWLW 3,
See JPA1977-136885 with JPA1975-127646, JPA1975-127647 and JPA1975-134985.
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EREET
: FKIE L 1977 FIZIZEF shutter D clocking BEENAEDHFHFHHEL TW3,
See JPA1977-136885 with JPA1975-127646, JPA1975-127647 and JPA1975-134985.
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38 HEFEICEULBEF IR T @ BALIE 5 [x DA 2 —542 % CCD

FKIE L 1977 FEIZIZEF shutter D clocking BEENAEDRFFHHEL TW3,
See JPA1977-136885 with JPA1975-127646, JPA1975-127647 and JPA1975-134985.
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A DI
FEIT 1977 E(% BTs u*ter D clocﬁ(ing BEAEDEFFLHELTWS,
See JPA1977-136885 with JPA1975-127646, JPA1975-127647 and JPA1975-134985.

ITEJ Technical Report Vol.12,No.12,PP.31~36, TEBS '83-6,ED ' 83-9(Feb.1983)
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FRIE L 1977 FIZIXEF shutter D clocking BEEN A EZDISFFHHEAL TW3,
See JPA1977-136885 with JPA1975-127646, JPA1975-127647 and JPA1975-134985.
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N= 3 Wk
DA DR

#FIE 1L 1977 FIZIZEF shutter D clocking BEEN A EDFHFHHEL TWLW3,
See JPA1977-136885 with JPA1975-127646, JPA1975-127647 and JPA1975-134985.
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FRIR L 1977 FIZIXEF shutter D clocking BEENAEDSFHHEAL TW3,
See JPA1977-136885 with JPA1975-127646, JPA1975-127647 and JPA1975-134985.
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FRIE S 1977 FEIZIEEF shutter D clocking BEEN A EDISFFHHEL TW3,
See JPA1977-136885 with JPA1975-127646, JPA1975-127647 and JPA1975-134985.
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NBERESADPOVWEEWEVWEELREEREZIHBELE T, 1/3

2021.8.15 F#HRRRE

JNBWZEARTERY 1975 F Sony A#B D HLARSHBELLHLBATT, 2021 K6 A2 1BEREZEAILLE, TREESEHRYLET,

MNEBEWZEAIR 1932 $3/18£INT, BFEAPZERE Y Z—CAHL, 1950 SR¥CR Y -OWNFRAEFHEHE L L T, Bipolar
Transistor DF /44 A7 0L ZABHOMRCREFEINILLE, OBV yFy 7OREEW < LT, Bipolar Transistor @ ON-EH £ M5 L
XHRIZ Bipolar Transistor D/AMB L ABIIHEL., ER—-OWE LD Bipolar Transistor ERMREFMBAMCHRBL E L1, %[E Texas
Instrument 3£ A€ @ SONY @ Bipolar Transistor DM RERRWICEEL, SONY EORWRIRA BT L, #AE Texas Instrument 3415 1 %
RTSONY A4 9%HED TlJapan #7', BETRUHTORESFSUELTRILELS:, REA 1975 FICARLAYE,. NIARZIA
RBREMNEARESBRERLLISONYOTOPEEMR 70V 227 b CCO7nLAMRBOREBREL LTHBINATLILL,

BEA IS EARL TT CILHEL 3 0OB/HF LML 72, Pinned Buried Photodiode (PBD) (Z R ¥ 2 W5 #53F (2, =@ SONY @ Bipolar Transistor
TOURATHAAZOABEE Y FIEE-RULLOTT, PBD (2 Double &% ® Dynamic Photo Bipolar Transistor Sl %0XBNETF,
Photo Detecting Device (PDD) T¥.£7: 1971 488212 SONY Tiz b Y = + O ¥ TV DR SMM Bipolar Transistor DEREIEE  CX080
~CX089 ) —X% SONY BAIBTRMRERMLERELTUVWELL, ¥TIZ PNP EE8%E NPN ESY® 220 Bipolar Transistor 2@ L
wafer ISFEEET 3 Twin Well Bipolar Transistor 70422/ ->TUELL, 2ORHENE, BEZOT/0LATEENSIBTEPNPNESYD
Y4 YURE—~D Punch-thru I 2BAMARRICL S chip DEREMBEHSFTHTLL, 197] FORKAZIML-BBEL-HTRZOAD
AT SONY BATHIRFEL LTHSHBCLIMEEH[EILL, TORCHICEREOSAREBOFHRATEHNEMOBBRL ALY,
WIS B RNR S Bipolar Transistor DEIREFE CX080~CX089 ) —XORHARKLLTALBLSBD 1 MOMBOLBRIHBEL TE-A
POEREZRIELA, 193 5O0RKAZHAL-MREALLRFELHSONY BAIRICRFEL L THHECLINRZHELL, FHRE
FTELRBELERRE-MUBE T SONY OF ) 5%~ Bipolar Transistor 7O+ 222U, TOEREBOFTHETIAET VL2 EL
7. 88 Caltech T PhD ORBOMABICABLTTCIC1975 £ 2 HICSONY CAMRL, FCLRELLOY, @ PBD TT, Double
# &% ® Dynamic Photo Bipolar Transistor #ili 5 X Mi0EF. Photo Detecting Device (PDD) T¥, Triple &% ® Dynamic Photo
Thyristor Transistor 8% %O ¥ FNEKF, Photo Detecting Device (PDD) LBBICERLTUET, TO3IH/OBHOPT, HWICZ D PBD IS
1288 overflow drain (VOD)REA'MES LHAAENTLSIEEHARLTVETY, 3@ clock A ZMMIHRL T, —5 Buffer Memory
& LTI MOS Transistor & Global Shutter FIICERTASHLHARLE LA, 0 1975 £0) JPA1975-127647 H'5 202044 >T4
SERIZSONYOEFRHHICL Y RGN D CMOS Image Sensor DX BHNERF(PPO) & LTEMBRLINTULET,

REOHRD, BASEORBESENY O CMOS Image Sensor 2, 220BEBHTREEINIT, DEDR, FY2ACMOSERIEBEERL
fz. FZ2ACMOSEIREEFEZEMCTDITT. 70 &202, BREN 1975 FITHEL - RESH YD Pinned Buried Photodiode £ X5
HEF(POD)TT, T, 1975 ECEABCHFEL - RESH R O Pinned Buried Photodiode (PBD) £#ASHEF(PPD)I2, REMD 197 5F»
H1B0FEETHORFPLIMREN L, TOEMKLLEFRHEICL Y 1987 ECMBERMLICENL TSONY TRHERROAAZAF =~ b4/ IR
Foroe v 2O A N7V -DRET 7 7 a VBREHFEIRLETANASERTLTIVET, ENETTFRHFEISERBOL VSV ELL
BREBUTICENERMELYEILA, SC2TOHEWNSONY TRATE L0, REMUKUK[/PWIEARZEA (VY =~ PRFTPER
R) PNBERZIAZRBLHDS{OSONYDERO B 1950 F{4h 5> SONY @54 5. R —0 Bipolar Transistor 70X EERL TV
CENBRBIIHYET. TNHCCD ImageSensor RINEH T, TOREBAB-7-45 Sony O CMOS Image Sensor DIEFHHS, ZHITHEL
H#ED, BHIALLORENBTNETR - RHPICI VSORBERHYOBEAXBED Sony @ CMOS Image Sensor HA'RRTELEL-THEVE
T ShAHRESATHESRRT » 723 ANEBMEROETRAEL THLLV WAL AL HEEBELTEXOEROLFUZERORRICR
MLTIT>TRELWEESTEYRT,
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&, IEEELBXRORBUL TI2 [NEC (H) #* Pinned Photodiode DRMATH S| LAATLRTH, CHBERRETT, :-EJHER
ARLOEFREROIRPLEXORFRVESOLTHP IS X (LE) *RYEOFDORBETHI| LANIHNINLERRETT, KED
OFD (VOD) »RMAF2¥ TIC 1975 % 7 AIC Fairchild 32 (J. M. Early) #° USP3896485 £ HBLTLET., 4 ARN T SONY (HR)
i2 OFD #fE{1 2 Pinned Buried Photodiode & JPA1975-134985 & L THMMLEL ., LALZID4HADOEDORS ON Y2 Fairchild 3t (.M.
Early) OBFRVOMPL R T 1990 45 2000 0 10 EMESTIFELY ZLAVARRBR TP > & Sony GBI LE LS,

OLUTRNARMZEANZLERRLBCRRICEON: e-maill TORFERRLLELOTT, NEC OF T2 A2 Pinned Photodiode % R
LMRBLLTVERA, NEC OFBEAZRE®NOS 2 Buried Photodiode 8852 L T IEDM1982 OFRTHNLIL L, RWE LTV EHA,

KODAK (2758 @ %\ Pinned Photodiode MR L T IEDMI9BL D2 THREL EL L, RETL TV EVA, LFFSONY BEEICH2SLTEHEY
AMETHTULELS:, ENNTARTOBRREBLILYL, RELESD 19 FERFORLEE L EHT, SHR2ENTEYEILE (B .

(1) From: Kawana Yoshiyuki <kawana@asahi-net.email.ne jp>

Sent: Saturday, March 27, 2021 7:16 PM

To: hagiwara.yoshiaki@aiplab.com; 'seiichi-watanabe' <seiichi-watanabe@hinets.jp>

Ce: hagiwara@ssis.or_jp; hagiwara.yoshiaki@aiplab.com; hagiwara-yoshiaki@aiplab.com

Subject: RE: IEEE Life Fellow MARKRDH XM 2020_02_11
BEREA.
AHLIAOBBRBETLE, B3X5CubunEr2c)ETh,
1978 E S NEC HBEXADBRTIRMO NP A A~ FTT7 2 b FAA~FERRBRLTOVWEZENGHVET, REFH AL PHNP B8O
7 bFAF~FERMAL, BEFH-AEBELTUVET, COPHNP #44—~ FIRIAXEE 3RV, pinned photodiode Tiz® Y T A, N+P
FA%x—VFi2pinned CERIUCA, TORKBTPNP X4 4~ FLZORI T2 pinned IZL2TVWELOTIREBLET,
=AY ==I2 1975 F£485H o MOS 7Y 242 % photo-sensor & LTE->TUVWELLOTHOH S » pinned TL:, SIHIVIRVLHION
UERVELE, NERZ

(2) From: Kawana Yoshiyuki <k Sasahi-net.email.ne jp>

Sent: Sunday, March 28, 2021 3:43 PM

To: hagiwara.yoshiaki@aiplab.com; ‘seiichi be' <seiich be@hinets.jp>; ‘Naohisa Ohta' <naohisa@kmd keio.ac.jp>; narabu@gakushikai jp; *
$RR{R A’ <toshin ki11@gmad.com>; Tsugio Makimoto' <makimoto@tsugio.jp>; mukai@ssis.or jp
ik i N

-5 Y Lo g J P

Subject: RE: IEEE Life Fellow IRAKRDH IR 2020 02_11
BRE A,
AXAVEBYDEIZECET, 192 K2 1975 F VL THEB-TULET, BUE-TAEIRALPVLET, JIERZ

(3) From: Kawana Yoshiyuki <kawana@asahi-net.email.ne.jp>

Sent: Wednesday, March 31, 2021 12:03 PM

Yo seiichi be <sefichi be@hinets. jp>; hag yoshiaki@ com

Cc: seiichi-watanabe@hinets jp

Subject: RE: LM FEZARRNRRA/<—232 100 BFHERNE BN GAORH)
XAE A

Overfiow drain I-BAT 2W¥BHRORRA YN E I TEVET, CoTRERFINSOETC A LEEEZAORFLY VL 1975 FORMAKD
WHEIRDTESLETRENILL, TEBUL TS, V5% TTH, A 1999GRBLAINIGEE-2AOEDAR 7 b ¥

AA=FLURL IS FHEORERSLRABL T NS, VWIS DRELLTSRVLET, i eTTh, IIEaRZ
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(4) From: Yoshiyuki <k @asahi-net.email.ne jp>

Sent: Sunday, April 4, 2021 8:14 PM

To: selichi be <sedichi be@hinets. jp>; h yoshiaki @aiplab.com

Cc: seiichi-watanabe@hinets jp

Subject: RE: ABUHEZARFRRA/A—2 32 100 EFSERFERBORARZEN
XAz A,

RERE~ORANEMBYHNESITETVET,
RABEN LOBENFLNETH, noresponse DS ELBIDLLNZLA, LAL, HoHERBIBL2OARELEBV 2T, ZOREER
BENSERHITICECL3ITL2 N, IEARZ

(S) From: Kawana Yoshivuki <kawana@asahi-net.email.ne jp>

Sent: Saturday, April 17, 2021 7:38 AM
To: seiichi be <selich be@hinets.jp>; hagi yoshiald @ com
Cc: selichi-watanabe@hinets. jp

Subject: RE: Fw: LBREZARFRRS/<—2a2 100 BF S ERF EWGEORHEEEM
RAZTA, BREA.
RUBLL OBALBFZVWELIZILL, BRIADELDNIAY . RFACEROVFRIFRILZIATLOTREVERBLET, BEFZAD
VST IMAPLWEB TRV ETH, BRI T3 M RABAREAH THAFOHNICL>TLIDTRBY THAY. §
HFRACOAWMETILTLILRVLET,
LHI-ERFFORMCEUTELTRLCASDUNERLTELLTY, TNEFRLAGESITLL N, TNTLRBRELEFLH I/
HOEBZEL: S, NARZ

(6) From: Yoshiyuki <k Sasahi-net.email.ne. jp>

Sent: Thursday, April 22, 2021 11:37 AM

To: hagi yoshiaki@aipiab.com; ‘seiichi o' ek S d i 0>

Subject: RE: $ERD single A S Solar Coll DMMATFENTHELL:,
BRZA,
ZHNORAY, 1982 50 IEEE OF B S AORTILMNHIA S photodiode £ESTLETA, PPD TUHY ZLAN, KITE<LRY, ZOks

ERASRYVNGVOTRLEAET, NEBZ

{7) From: Kawana Yoshiyuki <k @ i-net.email.ne.jp>

Sent: Wednesday, April 28, 2021 8:07 PM

To:h

g yoshiaki@aiplab.com; “sesichi be’ <seiich e jp>; narabu@gakushikai jp; ‘Naohisa Ohta’ <nachisa@kmd keio.ac jp>;

thst@ca2 so-net.ne.jp; hiromichi.matsui@restargp.com

Cc: hagiwara@ssis.or jp; hagi yoshiaki@aiplab.com
Subject: RE: TRIPALTEYET,. RROARBELEHAVTT, M 2021 04 28
BREA,

SRAFTLHRALLRFTIOLERLLVTT,

TEMEMCLELELLEY, GEIAODMEOLTENERTATLICA, 02472 b4 A~ FTRRERAES

P FINIRRL
DERBR G LILEENETY, EERRRBEI ILSTLEHA, RERMANCEMNENL-BFR 72 14— Fapn STV ETRIT, B
BIBU LYELA, EIHKMNERVETEESTTY. NEARZ

UETY. BEAY 2021%8A158
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Difference between Buried Photodiode and Pinned Photodiode
What s 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?

This is a commonly misunderstood misused set of terminologies.

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

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

You can get surface state pinning from the dangling SVSiO2 bonds providing trapping centers. A buried PD
(Photodiode) has a shallow implant that forces the charge carners away from these surface traps. The
SUSIO2 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.

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

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

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

“The first Pinned Photodiode was invented by Hagiwara at Sony.”
“It has long been incorrectly attributed to Teranish and to Fossum.”

Teranishi at NEC Patent filed Japanese Patent Application JPA 1980-138026 on Buried Photodiode with
Fig. 2 and Fig.3 shown below. Observe that the surface potential in Fig.2 is not pinned. It has an undesired
surface electric field which induces the serious surface dark current noise problem. Observe also that the
surface potential in Fig.2 is not pinned to the substrate ground potential. This is NOT Pinned Photodiode.'

Fig.2 A Floating " F.ig.3 . M" » " yete
" Sy
¥ g P Laper o —_———
I ; — . L - . |
) , ' /T /y g bt
| P Substrate ./ s
N
No P+ Channel Stops

The Buried Photodiode reported
The surface P region is NOT pinned. See Fig.2 of JPA1980-138026 in NEC IEDM1982 Paper
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Difference of Buried Photodiode and Pinned Photodiode

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

mv \°<>-o-o~oo¢n Log rperimenty
Floating Surface‘ P+ regionﬁ 10 | “*—x-a= Gorogectie Bectrors 410~
= ., | of PO (Laperimant) -
‘\ B o ol P4
= <08
g \ :
> ké ¢
g A T° 3
S 5 '3 ‘e ":
> f/ N\, Ist Flelg N s
et ~
Serious Image Lag Problem B 5 ®
s 3 O a3 b2 é‘
rd Fierd o
NEC IEDM1982 Paper N ). &
i (o) S 04V
Floating .p 5 y.ceo
. \ ody TG Chonnel Potential (¥r
Py Y _sses— There is still image lag
‘ N ) Ll at the CTD gate voltage more than 10 volt.
P- Substmte,;/_—_\ P { Fig-6. Storageable clectrons vs. transfer gate channel
» = { potential, and decay lag vs. transfer pgate
l N \ channel potential in the P*NP~ structure
No P+ Channel Stops photodiode

Fig.5. P*NP- structwre 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.

Pinned Photodiode Must Have the Grounded P+ Channel Stops Nearby.

Buried Photodiode The resistivity p of the P+ hole accumulation layer is given by
Floating Surface P+ region é p =R*"W*d/L
> In the 2/3 inch optical lens system, we have the optical image size
l—!—*_ of 8.8 mm (H) x 6.6 mm (V) which was a common size in 1980s.
: Hence, we then have L = 6.6 mm = 6600 um
S 1 The short wave blue light cannot penetrate more than d = 0.2 pm
Psub — into the silicon crystal in depth. Hagiwara reported in SSDM1978
T paper Qd = 2 x 10 “em,? which gives Nd = Qd/d = 1 x 10 ** em?

Serious Image Lag Problem
Pinned Photodiode
Pinned Surface P+ region

ForNd= 1x10®cm” we have p = 0.04 ohm cm = 400 ohm pm

RC={Lp /(W*d) } {eW*L/Xo}=£pL’/(dXo)
We have ¢ =216 e/volt um for silicon oxide and e = Lillo-“Coulomb

RC = (216) (1.6 x 107 ) (400)(6600)(6600) / (0.2)/(0.1) sec

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

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

(A)Pinned Surface Hole Accumulation Region, directly
connected with the adjacent P+ heavily doped channel stops

Floating P+ surface Vpp >0 TG Vout

(B) Floating Surface P+ Hole Accumulation ( Vpp >0)
with Floating N+ Buried Charge Storage Region

cTG Vout
NO2
P
N
..................................... «. Oepletion
‘e, Region
P *Sossnne

| =

(C) Floating Surface Buried Photodiode
with Floating N+ Buried Charge Storage Region

All of (A), (B) and (C) types are Buried Photodiode Diodes.
But the (B) and (C) type are not Pinned Photodiode.
Only (A) type is Pinned Photodiode.
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http://www.aiplab.com/P1978 SSDM1978 Paper_quoted in_ 2006 _paper.jpg

Hagiwara reported the Pinned Windows and Pinning Surface Potential in 1978
based on his 1975 invention of the P+NPNsub junction type Pinned Photo diode.

T TRANSACTIONS ON FLECTIRON DEVICES, VOL SLNOL L DROMMIBR 20

. . CCD with Pinned Windows

The Hole Role in Solid-State Imagers .

Alvert )P Thewwissen, Felloe, (122,
Pinning surface potential

Despite these advantages, notice that parts of the depleted by

ndype CCD channcls are not covered by gale material. In . '

this way, their clectrostatic potential is not defined! Such a seli-aligned, shaliow B

structure will suffer from serious charge transport issues dur implant

ing its oporation, because charge can and will be trapped in * 2.9 210%cm?,

local potential pockets. The effect can simply be solved by

defining the potential in the open arcas through an extension

of the r' <hanncl stopper. A simple sclf-aligned p-implant of * 1982 : Beck (Philips)

210" /em? Beions after the gate construction is suflickent 1o

extend the channel stop arca o the gate odge and, consoquently,

fix the potential in the open arcas. The result after this sclf-

aligned implant is shown in Fig. 4. The presence of enough

holes plays a crucial role in fixing the potential for the regions n

normally “beyond control™ of the gates. [Is this structure the

mother of the PP or buried diode of hole Sccumulation deviee m .

{TAD) 7]

Albert Theuwissen quoted Hagiwara 1978 paper and explained the importance
of hole role in image sensors @ Workshop on CMOS Imaging, Duisburg May 16, 2006

« 1978 : Hagiwara (Sony)

¥ e - .‘
|  Direct Quotation The presence of enough

holes plays a crucial role in fixing the potential for the regions
normally “beyond control™ of the gates. [Is this structure the
mother of the PPD or buried diode or hole-accumulation device
(HAD)?|

Quoted directly from IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL.53, No.12, DEC 2006
. - - — — ne— -

ete Charge Transfe
o Image Lag

Hagiwara 1975 Lab Note shows Pinned Photodiode Structure.
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‘Prof Albert Theuwissen {Z IEDM2005 @15 3L “ The Hole Role” T, #kE D SSDM1978 i L % 4]
THIMA Lz, #KED 1975 FEICRB L. #RE S BH%E L, SSDM1978 D2 Ti LK L7~ P+NPNsub
’fiéﬁ‘@gi' 3178 NEC D HEiA 7 Photodiode & KODAK @ Pinned Photodiode »* SONY ¢ Hole Accumulation
Device DB D (Mother) TIE72W v EHH L7z, Mother &% [EAOH | ZEW L, BHA TSRO
HEOEHETHD, MEELHET D [HToOBl 2 E%T 5 (Father) (2353 5 FH#2 B (Mother) Th 5.,

Albert J.P. Theuwissen, Jan T.J. Bosiers, Edwin Roks, “ The Hole Role “,
an invited paper at IEDM2005, Washington DC, Techn. Dig. , 2005.
inplantation

But in the
covered by gate material, their surface potential is undefined ! ‘:l"

Such a structure will suffer from charge transport issues during O 810, 4 </\<\<<<\\\\\\\\\\/<\<\”\U/ P+

oprstion, bocas charge can be ool m ol ptensal - g0 5 NI,

pockets. The effect can be solved by dcﬁnmg the potential in
the open areas through an extension of the p° channcl stopper. RN .8 chanme!
A _simple self-aligned implant of 2x10" /ecm® boron ions is
suflicient to extend the channel stop areas to the gate edge and pSiwel
consequently fix the potential in the open areas [2]. The result
after this self-aligned implant is shown in Figure 3. The » S substrate

Figure 3. Cross section of a buried-channel CCD on n-Si substrate ncluding

presence of enough holes plays a crucial role in fixing the
light windows and face potential in the non-covered CCD channels
(the cross section i perpendicular 1o the CCD channel).

potential for the regions “beyond control” of the gates. (Is this
[2] Y. Daimon-Hagiwara et.al., Proc. 10" Conf. on Solid-State Devices, Tokyo, 1978, pp.335-340,

structure the mother of the pinned-photodiode or buried diode.
or hole-accumulation ce ?7)

@®Eric R. Fossum, Donald D. Hondongwa, “A Review of the Pinned Photodiode for CCD and CMOS Image
Sensors,” IEEE Journal of the Electron Devices Society, Vol. 2, No. 3, 2014.
Z? 2014 4@ Fossum O LOPT, RIEFEDIME G, HED 1975 £ O5FEF & 1978 O LITIX
RGO BibHR R &, BOELTWAHH, FRERTH D, WLITRINTWSRAEES TWDH, PPD
DEBPTFETHD LHER ST TWER, BRLZOMMBIIMRESTZHBENLRINTWD LHIEN D,

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

Indeed, Hagiwara invented PPD with VOD The surface P+ layer
- d is NOT connected to
and the virtual charge transfer in 1975 !! the LOCOS P+ layer. N

AL G T R TR GANCER MR MR L ST 1 AT 2o The surface P+ layer
HAD(WVOD)dounotuuLOCOS m may be floating and

A Review of the Pinned Photodiode for this photodiode may
CCD and CMOS Image Sensors - have serious image lag.

Erx R Possam, Fellow. HEE wnd Donsdd B Hosboogwa, Snalows Mowboc IEEE -

Many people now said this is a fake paper !

C. Oy Commbunions w i PPD lovention

Serious Image Lag ?

found in the NEC low-lag device, and doos mat

F
The FPD strwctise. while semsod for bow lag ILT OCD - serm o coram S butan poecenad wep and charpe mander

plication. shares & stromy rexcmblance %o e Hymecrd vimasl
phase OCD strucamre. wieh e cxception of e VOD. The vy
ventions wer sobving difiorm probioms with cuereally e
e device smacuer and opuTaing poscgie

In 1975, Hagiwars ot Sony Slcd & potcst application oo
bipolar vircsmes for OCDs i which & pap vertical vescuase
wan dnclosod, smong sovorsd semeneres [24] The wy p byer
wan conmecod By ot w8 b wed W0 costol full-well
capacey and the saype hase Layer wan proposed o camier
storage In sl paper, Hagieama, i 1996, reviined e
1974 mvestion and chatmed 8 was cwentilly te imvesson of
ot e vienad phase CCD and the NEC low-lag structures,
@ well & the hawn of the Soay s calied “Hole Accumbaon
Duncde.” o HAD sarweso (29, Mo the 1913 snficaan.

dovxe apocts of e virmal phase (D Hagrean repeas
e clam 0 3 001 paper [16] 3 Sows 3 VOD seractare
hnuﬁd-&lmmﬁhu
nt wem W penee B HAD strscawre sl well sfer B¢
NEC paper was publnhed Howeser, e “sanvw-gaie”™ OCD
wilh a opew poype wrface sepon for imgeeved OF abwe
dichoned o the 1975 apphcten was seporiod @ mose detal
by Hagrwaes ot ol ot Seoy in 1975 [27] A s stracture
wn o) extemanely by Phulge (24]
The PP, & & 1 oot comavaly ssad Soday. hoss B¢
swaged rewemblance 10 the Tormods o ol ILT CCD dovwe

Th, S dsyy Terammbn s consabernd o the prunay ven-

wor of the meders WD [29)

Pig & Bnanple of o pased photodends inplenentod i & CMOS ttage
L S O N L

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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Invention and Historical Development Efforts of Pinned Buried Photodiode.

JPA1975-127646, JPA1975-127647 and JPA1975-134986 are the evidence that
Yoshiaki Hagiwara at Sony is the inventor of Pinned Buried Photodiode and
the SSDM1978 paper by Hagiwara team in Sony is the evidence that Hagiwara
developed the first Pinned Buried Photodiode with the no-image-lag feature,
the low surface dark current and the excellent short-wave blue-light sensitivity.

Three types of 1 2 3
Photo Sensing

Three Devices N+P Single Junction Charge Couple Device P+NP Double Junction
important Photodiode with | CCD/MOS Dynamic | Dynamic Photo Transistor
Features Floating N+ Surface [ - Photo Capacitor Pinned Buried Photodiode

Serious Image
Image Lag Problem Lag Proble :] No Image Lag Problem | ~ No Image Lag Problem

—

Surface Dark No Surface Dark | Serious Surface Dark No Surface Dark
Current Noise Current Noise | Current Noise Current Noise

Short-Wave Poor Short-Wave | Very Poor Short-Wave [ Eycollent Short-Wave

3| LightSensitvty | Light Sensitvty |~ Light Sensitiity Light Sensitivity
Yamada 1978 at Toshiba  Shiraki&Teranishi 1980 at NEC Hagiwara 1975 at Sony
Japanese Patent 1978-1971 Japanese Patent 1980- 123259 Japanese Patent 1975-134985
NPN Junction Photodiode PNP Junction Photodiode PNPSub Junction Photodiode
light Bostt light light
_ 502 A\ [sio2 Sio2 e
Floating N 19 cyo\ D ot P ot n
—_— J".‘.- - 1D - CTD
P A N G- @ O N “e-e- o- —
P
VoD VoD
—| N e P o— Sub vobD

BEm g Plnned
A ![
~i N

Pinned Empty ! }E Blue Light
Potential w

" I

Floating and i‘-/"loating and : Sub p NP
Not Pinned Not Pinned
Figure 2C of Toshiba Figure 2 of NEC Figure 6 of Sony
JPA 1978-1971 JPA 1980-138026 JPA 1975-134985
Floating Surface N Charge Storage  Floating Surface P Region and Pinned Surface N Region and the
Region has the Serious Floating N Charge Storage Region Pinned Empty Potential Well with
Image Lag Problem with Floating Empty Potential Well Complete Charge Transfer and

and the Serious Image Lag Problem No Serious Image Lag Problem
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Koike Photodiode is Not Pinned Photodiode

but with a partially Pinned Surface.
[4] N. Koike, |. Takemoto. Japanese Patent JP1977—837
LOCOS process may have a large oxide stress and the surface

dark current problem. Besides the LOCOS oxide side wall
may have a low P+ concentration with a RC delay problem.

25-/

This photodiode is NOT Buried Photodiode.
This is also NOT Pinned Photodiode because
the buried N storage region is exposed to the
semiconductor surface and becomes floating.
The buried N storage region is not completely
buried. The floating N region causes the serious
Image Lag problem.

This photodiode was used for MOS image sensor
with the overflow drain (OFD) function capability
draining the excess charge to the output readout
column data line by controlling the gate voltage
of the charge transfer gate (CTG)
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P+PNPP+ junction type Solar Cell N+P junction type Solar Cell

R P+PNPP+ junction type e
i Dynamic Photo Transistor

with a hill and a valley, creating

\ the Empty Potential Well / / i \
Very High Solar Cell Efficiency / /
with Complete Photo Pair Separation .
e- without Recombination

by Empty Potential Well

e
The Pinned Surface 7
P+P Barrier Potential
helps Short W
phftf,"}ai, OSep;‘;fion \ Low Solar Cell Efficiency
7 by Photo Pairs Recombination
e- e- e-

Hou:_e L:ine/|-_;|\ \\\\\\

N + Floating Storége Region

The Pinned Surface
P+P Barrier Potential
helps Short Wave
Photo Pair Separation

/
N + Floating Storage Region

See Japanese Patent Applications JPA 1975-134985 and JPA 2020-131313
and http://www.aiplab.com by Yoshiaki Hagiwara (AIPS)

Conventional N+P Single junction Type Solar Cell  PNP Double Junction Type Solar Cell PNP Double Junction Type Solar Cell
e See JPA 1975-134985 and JPA2020-131313
" f invented by Yoshiaki Hagiwara
g - ¢
:. Double Junction
Type Solar Cell (A)

o > : ':EE //\ :
#--._7 1 -:;

Poor Blue Light Sensitivity Problem 123 45%
i Completely depleted Buried N region
P+ |PiIN | N+ T In the PNP Double Junction Type Solar Cell
T Double Junction
5 N 7 Type Solar Cell (8)
it - ++ 1+ s I
'X’fe.\ ?Xj et | | /&JY X

: =320um .5323W| -

AN |
Single Junction N+P type Solar Cell " V(x) / | R :
also has a very poor short wave L ety R )
blue light sensitivity. A —— A =

Image Sensor Story
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Invention and Historical Development Efforts of Pinned Buried Photodiode.

JPA1975-127646, JPA1975-127647 and JPA1975-134986 are the evidence that
Yoshiaki Hagiwara at Sony is the inventor of Pinned Buried Photodiode and
the SSDM1978 paper by Hagiwara team in Sony is the evidence that Hagiwara
developed the first Pinned Buried Photodiode with the no-image-lag feature,
the low surface dark current and the excellent short-wave blue-light sensitivity.

Drift Field Transistor

=VB
- VC
q N [pip| N I—o

VE @555

e-e-oVC
777
Herbert Kroemer,1953
A LPD (um)
L Light Penetration Depth in Silicon
R e T —
1 -
hA
0.1 i
“CMU"- T.
0.01p
Incident Light Wave Length | A (um)
L) L L)
0.a 0.5 0.6 0.7

Fig.7 i m
.D‘!D ” e e

7 Vawuiv)
\ Barrier Potential

enhancing

i Short-wave Blue

| Light Sensitivity

Butied Chatge Storage Region

Vesiv)

- Complete Charge Transfer

\and also Punch-thru Drainir

Action for Vertical OFD anc
Electric Shutter Functions

JPA1975-127646 with
Global Shutter Function

JPA1975-127646

N+N-P+NP-P Triple Junction
Dynamic Photo Thyristor
type Pinned Surface
Buried Storage Photodiode

No Image Lag Problem

No Surface Dark
Current Noise

Excellent Short-Wave
Light Sensitivity

Invention and Historical Development Efforts of Pinned Buried Photodiode.

P+NP Double Junction

Ught .o
J* ¢
' Dynamic Photo Transistor type M‘Z“M'&SQ._I.‘

Pinned Buried Photodiode

© The charge transfer
Collector device (CTD) can be

CCD or CMOS
No Constant st trpe

1™ The photo electrons stored in
Emitter l "LUght the base is extracted completely
to the adjacent CTD

CTD main surface can
be either front or back.

Electric Shutter

Vit Back Light
Sub Sub can be Function Capability
Nwub or Prub
Complete Charge
Vet = E jon from
the N base region
Joe—
N 0 o 4 .‘.:TD for low image lag
& = p—n ﬁ;::‘ and high speed
P Tramsfer Duvire high quality
Front Light action pictures

Light Light " " } (5) Triple Junction Pinned Photodiode on Substrate
. 1] (2) L'i‘_‘i (3) L'jf‘i @) L'ﬁ' (5) JPA1975-134985 by Hagiwara at Sony
A
Vpin P N ' Pwoll Nsub
sio2f |sio2| [sio2] [sio2] |si02 e ! | [V
e-e-e- a3 P P+ P+ —
N+ N : 'L- (5a) Floating Surface Double Junction Photodiode
P e- - e- e- u- e- e- !- e- JPA1978-1971 by Yamada at Toshiba
sub and |
Puwel
Pub Pasb Psub Light | N rl_ P | Nswo |_gviu
_f‘ﬁ | VOD
_L l l l (5b) Floating Surface Double Junction Photodiode
-— — — — Vid JPA1978-1971 by Teranishi et al at NEC
N+P Floating CCD/MOS Buried Pinned Hole co
Pholodiode  PhotoCapacitor  Photodiode ~ Photodiode  Accumulation - i =
D) (cc) (8PD) PPD)  Diode(HAD) [ P ] sub
before 1970 invented in 1970 inventedin 1975  invented in 1975 invented in 1975 Light |  paidn _-l.

Historical Developments of Five types of Basic Photo Sensors Structures.



P+NP Double Juncti
Dyn+amic F?Il:ot: Ttrl:nszz:or No Image Lag Problem No Surface Dark Excellent Short-Wave
Pinned Buried Photodiode Current Noise Light Sensitivity

@\ Pinned Surface P+PNPP+ Double Junction Solar Cell ** Floating Surface N+P Single Junction Solar Cell

e- P+PNPP+ junction type
Dynamic Photo Transistor
. with a hill and a valley, creating -
\ the Empty Potential Well /
\ Very High Solar Cell Efficiency / / /
with Complete Photo Pair Separation <,

without Recombination

N by Empty Potential Well S
o-
e- e , 0- / / / /
The Pinned Surface .
P+P Barrier Potential P+P Barrier Potential

e-
helps Short Wave — "s.'”'s‘m""':m \\\\ Low Solar Cell Efficiency

The Pinned Surface

Photo Pair Separation by Photo Pairs Recombination

T e PRI

N + Floating Storage Region 77777 7777777777777777 L
N + Floating Storage Region

JPA2020-131313 invented by Hagiwara

P- ..\ } i Light "
P e-e- | e-e- 'g -~
__E’”V [ SRR, S | wmlI

—
. » U ’ O
$i02 Si02
P+ l I_ P+ I
P N+ P N+
N | N
: ; Load
Intrinsic Silicon Substrate Wafer or Very High Resistivity N- type Substrate Wafer Intrinsic Silicon Substrate Wafer or Very High Resistivity N- type Substrate Wafer

N+ N+



Pinned Buried P+PNIP+ Photodiode Structure type Solar Cell
JPA2020-131313 invented by Hagiwara

Exact Numerical Computation of
Pinned Surface P+P Barrier Potential

(1) PIN Diode

Jun-Ichi Nishizawa , 1950

(2) Pinned —— == ™M
Buried )
Photodiode

JPA2020-131313 by Hagiwara

(3) Pinned T — J
Buried ‘ E“'“‘:::’.f;“.':‘:ﬁ‘:l:’.‘.ﬁ‘:‘ wén
PIN ;

Photodiode

Yoshiaki Hagiwara, 2021

Band Diagram of Pinned Buried PIN
Photodiode type Solar Cell

l Light Vout < 0 Light 2 X Vout

Intrinsic Silicon Substrate Wafer or Very High Resistivity N- type Substrate Wafer Intrinsic Silicon Substrate Waler or Very High Resistivity N- type Substrate Wafer

Two Units in Series Configuration of Pinned Buried PIN Photodiode type Solar Cell
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Double Junction type Solar Cell units can be
integrated in series in one single chip.

e- ——» 2 X Vout

2 x Vout

Vout 2xVout
‘ % ‘ \ e-
- Light Ligﬂht

Conventional Single Junction
type Solar Cell units cannot be
integrated in one single chip. —
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Sony & Image SensorD R K DFFH LB ERE TREV L BEEREITHPNEVWETH S,

B Fshutter #5E % 3 fm L 7= Image Sensor D& mm1L [£19874F (ZSonyH’ R THISH THIN L 7=,
LA LIRIEZDENFHEICDICE b D EBE L, EXIEZ. KFERBA1975F(C
FBA L1978 ICRAFICHTI L. SSDM1978DEIEF R TZ DM % IRE L 7=, double IEEEY
DPNP dynamic photo transistori&i& ® D Pinned Buried Photodiode, HlI#K Hole Accumulation
Diode (HAD) 2 Z X R FICIRALE Do ZDEN/-ERERERR L7, 1987FICIF Y =—IF,
1-chip ILT F XD CCD image sensor (ICX-022) D EFEEmIL ICHKII LhmiGZHIEFH L =,

38J7 JLIE ST 18 [Mﬁii‘mfzfce’fcj’
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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
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