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Exact Numerical Computer Simulation of Charge Transfer Action
in Buried Channel CCD presented in ISSCC1974 by Yoshiaki Daimon-Hagiwara
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for details see the PhD Thesis by Yoshiaki Daimon-Hagiwara on June 1975 from Caltech.

Caltech_1975_PhD_Thesis_Yoshiaki_Daimon_Hagihara.pdf
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Exact Numerical Computer Simulation of Charge Transfer Action
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for details see the PhD Thesis by Yoshiaki Daimon-Hagiwara on June 1975 from Caltech.

Caltech 1975 PhD Thesis Yoshiaki Daimon Hagih

Prof. James McCaldin and Hagiwara

at ISSCC1974, in Philadelphia, USA

Prof. C. A. Mead
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True History of Photodiode

(1) Single Junction Type Dynamic Photodiode was used in image sensors before 1970
(2) CCD/MOS type dynamic Photodiode was invented in 1970 with no image lag with the Pinned Gate.

(3) Double Junction type Dynamic Photodiode invented by Philips in June 9, 1975 with RC delay time.

(4) Triple Junction type Dynamic Photodiode with the pinned surfacelinvented by Sony in Oct 23, 1975.
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https://en.wikipedia.org/wiki/Foveon_X3 sensor
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FOVE!OI] X3 sensor Output Output  Light Light Output Output

From Wikipedia, the free encyclopedia . . . l . .
Silicon color absorption Foveon X3 sensor stack “
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Light gathering and low-light performance ot et
The Foveon X3 photosensor can detect more photons entering the camera than a mosaic sensor, because each of the color filters
overlaying each photosite of a mosaic sensor passes only one of the primary colors and absorbs the other two. The absorption of
these colors reduces the total amount of light gathered by the sensor and destroys much of the information about the color of the
light impinging on each sensor element. Although the Foveon X3 has a greater light-gathering ability, the individual layers do not
respond as sharply to the respective colors; thus color-indicating information in the sensor's raw data requires an "aggressive"
matrix (i.e., the removal of common-mode signals) to produce color data in a standard color space, which can increase color noise

in low-light situations.[15]



https://en.wikipedia.org/wiki/Foveon_X3 sensor

Red Blue Blue Req Blue Red

Foveon X3 sensor

From Wikipedia, the free encyclopedia . . . Si02 l . .
Silicon color absorption Foveon X3 sensor stack “
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The Foveon X3 sensor is a digital camera image sensor designed by rFoveon, Inc., (nNOw part of Sigma Corporation) and

manufactured by Dongbu Electronics.[] It uses an array of photosites that consist of three vertically stacked photodiodes. Each of
the three stacked photodiodes has a different spectral sensitivity, allowing it to respond differently to different wavelengths.[2] The
signals from the three photodiodes are then processed as additive color data that are transformed to a standard RGB color space.

The X3 sensor technology was first deployed in 2002 in the Sigma SD9 DSLR camera, and subsequently in the SD10, SD14, SD15,
SD1 (including SD1 Merrill), the original mirrorless compact Sigma DP1 and Sigma DP2 in 2008 and 2009 respectively, the Sigma
dp2 Quattro series from 2014, and the Sigma SD Quattro series from 2016. The development of the Foveon X3 technology is the

subject of the 2005 book The Silicon Eye by George Gilder.



Japanese Patent JPA 1977-837

This patent is applied for the lateral overflow drain (LOD) function.
The excess charge is drained to the N+ lateral output drain (LOD).
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This SiO2 surface exposed photodiode
( has the serious Image lag problem. l z 4 21
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JPA1978-1971 by T. Yamada at Toshiba, an invention of the in-pixel anti-blooming
using the NPN junction photodiode with the floating N photo charge storage
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Bucket Brigade Device

This floating surface photodiode operates

in the BBD type charge transfer mode

with the serious image lag and the truth

is that the in-pixel anti-blooming function
does not function properly at high frequency.



JPA1978-1971 by Tetsuo Yamada at Toshiba
Floating N type VcTa
Surface region I

\\VE
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Vs

Floating
Surface
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Photo Charge
VVOD Storage Region

The N type Surface region is floating ( not Pinned ) .
The anti-blooming VOD does not function well because the N-type
surface will also be pulled down as the VOD voltage is pulled down deeper.



JPA1980-138026 by N. Teranishi et al at NEC

JPA 1980-138026
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This patent is on the PNP junction
type Buried Photodiode but NOT
Pinned Photodiode. The surface P
region is not pinned and grounded.
The surface potential can be of any
value depending on the floating
buried N region potential, which is
actually controlled by the substrate
Psub potential which is grounded in
this case, but in case of a built-in
VOD function P+NPNsub junction
photodiode, the P region potential is
controlled by the Nsub VOD voltage
and can be any value. The surface

P region must be pinned by the
adjacent P+ channel Stops region

or the adjacent metal contact wiring.



True History of Photodiode

The difference of Double and Single junction type Solar Cells

P+PNPP+ jJunction type
Dynamic Photo Transistor
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helps electron-hole pair separations.



For Single Junction type Solar Cell with the floating N+ surface photo charge storage region,
only the wave length between Y1(um) and Y2(u m) can contribute to the Efficiency.
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For Single Junction type Solar Cell with the floating N+ surface photo charge storage region,
only the wave length between Y1(um) and Y2(u m) can contribute to the Efficiency.
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Who invented Pinned Photodiode ?

Hagiwara at Sony invented Pinned Photodiode in 1975. The evidence is give by the three Japanese patent applications,
JPA1975-127646, JPA1975-127647 and JPA1975-134985. The first Pinned Photodiode was defined in October 23, 1975
as the N+NPNP triple junction( in Fig. 7 of JAP1975-127646) type and the N+NPN double junction type (in Fig. 7 of
JAP1975-127647) type photodiodes with the N+ type pinned surface and the P type buried photo charge storage

region with the complete charge transfer capability and the no-image-lag feature. The photo charge is transferred and
drained to the CCD/MOS type charge storage buffer memory quicky by the strong punch-thru action. The second
Pinned Photodiode was defined in November 10, 1975 as the PNP double junction (in Fig. 6 of JAP1975-134985) type
photodiode with the vertical overflow drain action also with the complete charge transfer capability and the no-image-
lag feature as evidence the empty potential well of the buried photo charge storage, completely depleted of the charge.
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. /= Pinned i | DD W |
i 2 47]
e e 3 P =ix e & 2
- = : = "j." - A g N b =
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JPA1975-127646 Fig. 7 JPA1975-127647 Fig. 7

JPA1975-134985 Fig. 6



Proceedings of the 9th Conference on Solid State Devices, Tokyo, 1977;
Japanese Journal of Applied Physics, Volume 17 (1978) Supplement 17-1, pp. 255-261

Two Phase CCD with Narrow-Channel Transfer Regions

256 Yoshiaki Daimon-HAGIWARA
Yoshiaki DAIMON-HAGIWARA

Sony Corporation Research Center Yokohama 240

with no image lag
CLOCK-T T :.:,.:_ ‘_z

. , gate voltage, (volt)
Fig. 4. Input and output wave forms for 242 analo; -5 0 5 10 15
. . . . Fig. 2. The actual measured channel potentials plotted against the gate voltage for both
delay line in buried channel version. et e kit ey

S

s
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NARROW CHANNEL TRANSFER REGIONS
P-SUB

Fig. 1. Top and crosssectional views of the electrode
structure for two phase CCD with narrow-channel
transfer regions.

Fig. 3. The end sections of 242 element analog delay line.



2122 [EEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 43, NO. 12, DECEMBER 1996

High—Density and High-Quality Frame Transfer
CCD Imager with Very Low Smear, Low Dark
Current, and Very High Blue Sensitivity

Y.D. Hagiwara Nov 10, 1975
hv ?V 1975 Hagiwara
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Proceedings of the lOth. Conference on Solid State Devices, Tokyo, 1978;
Japanese Journal of Applied Physics, Volume 18 (1979) Supplement 18-1, pp. 335-340

A 380H x 488V CCD Imager
with Narrow Channel Transfer Gates

Yoshiaki Daimon-HAGIWARA, Motoaki ABe' and Chikao OxapA'

Sony Corporation Research Center, Yokohama 240
' Semiconductor Development Division, Yokohama 240
with no image lag
When the channel width of an FET becomes of the same order of magnitude as the
depth of the gate depletion region, an increase of threshold voltage is observed. This
narrow-channel effect has been applied successfully in creating an asymmetric potential
well under an electrode for two phase CCD operations. The feasibility of this new
structure has been confirmed in a 242 element analog delay line and the application is
now extended to a 380H x 488V CCD Imager. In the constructed B/W CCD camera,



Proceedings of the 10th Conference on Solid State Devices, Tokyo, 1978; With n 0 i m age Iag

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

A 380H x 488V CCD Imager

with Narrow Channel Transfer Gates Without Image Signal

Yoshiaki Daimon-HAGIWARA, Motoaki ABe' and Chikao OkADA

Sony Corporation Research Center, Yokohama 240
' Semiconductor Development Division, Yokohama 240
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Single Junction Solar Cell

Double Junction Solar Cell

We can double the depletion width.
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Multi-junction Solar Cell, based on
JPA2020-131313 by Yoshiaki Hagiwara,

applied on Aug. 1, 2020.
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Multi-junction Solar Cell, based on
JPA2020-131313 by Yoshiaki Hagiwara,
applied on Aug. 1, 2020.
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Multi-junction Solar Cell, based on
JPA2020-131313 by Yoshiaki Hagiwara,
applied on Aug. 1, 2020.
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Multi-junction Pinned Photodiode

Multi-junction Pinned Photodiode type Solar Cell Structure, with Com P lete |y Dep leted of Photo Electron and Hole
based on Double Junction Solar Cell , defined in JPA2020-131313, applied Aug. 1, 2020
by Yoshiaki Hagiwara, Sept 12, 2022
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Multi-junction Pinned Photodiode

Multi-junction Pinned Photodiode type Solar Cell Structure, with Completely Depleted of Photo Electron and Hole

based on Double Junction Solar Cell , defined in JPA2020-131313, applied Aug. 1, 2020
by Yoshiaki Hagiwara, Sept 12, 2022
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The P+P-N-P-P+ double junction type Solar Cell may have much higher efficiency

Photon wave length between 0.5 ym and
1.11 um may contribute to the solar cell
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JPA1978-.

Floating N type
Surface region

\\VE

Vs

Floating
Surface
N type
Photo Charge

VVOD Storage Region

The N type Surface region is floating ( not Pinned ) .
The anti-blooming VOD does not function well because the N-type
surface will also be pulled down as the VOD voltage is pulled down deeper.



Single Junction Solar Cell

Double Junction Solar Cell

We can double the depletion width.
JPA2020-131313 file on Aug 1, 2020.

\ Pinned Empty Potential Well
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Double Junction Solar Cell

Floating P+ Reglon l Ir fijlepc? ?)?12,2;:?11,321320,

by Yoshiaki Hagiwara.
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True History of Photodiode

The difference of Double and Single junction type Solar Cells
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We can double the depletion width.

JPA2020-131313 file on Aug 1, 2020.
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. . Single Junction Solar Cell
Multi-junction Solar Cell, based on & b —T+V> 0

JPA2020-131313 by Yoshiaki Hagiwara, Nl ey [Toad | "
applied on Aug. 1, 2020. B B S R A B
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We can double the depletion width. |
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Multi-junction Pinned Photodiode

Multi-junction Pinned Photodiode type Solar Cell Structure, with Com P lete |y Dep leted of Photo Electron and Hole
based on Double Junction Solar Cell , defined in JPA2020-131313, applied Aug. 1, 2020
by Yoshiaki Hagiwara, Sept 12, 2022
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Multi-junction Pinned Photodiode

Multi-junction Pinned Photodiode type Solar Cell Structure, with Completely Depleted of Photo Electron and Hole

based on Double Junction Solar Cell , defined in JPA2020-131313, applied Aug. 1, 2020
by Yoshiaki Hagiwara, Sept 12, 2022
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C C Dig&E+F (ICX008)

SONY V&) T 1980 FEFan fEL /= EED CCD Image Sensor T ,
AAXFER 5= 2 A WEBTE#HGEL TUVZ/ZOTHYET (FEE)
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Japan SSD Conferenc, DDD78-5, May , 1978.
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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.

Sony original 570H x 498 V one-chip FT CCD Image Sensor with Pinned Photodiode, July 1980

P+NP Junction Pinned Photodiode
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No Image Lag
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On July 1980, Iwama Kazuo at Sony Tokyo Press Conference and Morita Akio at New York
Press Conference announced the one chip CCD video camera with the 8 mm VTR in one box.

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

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

High quality picture of SONY CMOS Imager is also based on SONY HAD ( Pinned Photodiode).
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Hagiwara Lab Note Jan 22,1976 at Sony Yokohama Central Research Lab.
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_ The first Sketch of Sony TCX006 Test Chip for
Hagiwara Lab Note Jan 22,1976  pjnned Buried Photodiode Back-Light Pinned Buried Photodiode

Basic Idea of JPA1975-127646 ( Sony Top Secrets in late 1970s )




HRPLFOALREHPIZIZ INECOFBEHPinned PhotodiodeTH 2 | ERBENTULAININIZTERISETH S.
WZOLWBENFXVODDRBPETHD | LHAIDVRBEENTULANCINLEERRETH D,
C C DIRIRFTEF (ICX008)

ICX008(34H ESONYDXFRRIBAEEHER L
MoofbICGE® L 7=chip TH S

LESONYDKIRREBARDOFDERHEST & D
Pinned Buried Photodiode®D #BBETH 3
See JPA1975-127646, JPA1975-127647
and JPA1975-134985




S ON i Businesses & Products About Sony Group Technology Employees Sustainability Design Investor Relations

Japanese | English

June 26, 2020

Sony Corporation

Sony's Representative Inventions Supporting Stacked Multi-Functional CMOS
Image Sensors

Sony Semiconductor Solutions Corporation
Pinned Photodiode Adopted for Back-Illuminated CMOS Image Sensors

The history of Sony's inventions of image sensors goes back to the CCD era. Above all, Pinned Photodiode is a technology that contributes to improving
the performance of back-illuminated CMOS image sensors, and the history of inventions and product development are as below.

In 1975, Sony invented a CCD image sensor that adopted a back-illuminated N+NP+N junction type and an N+NP+NP junction type Pinned Photodiode
(PPD) (Japanese patent application number 1975-127646, 1975-127647 Yoshiaki Hagiwara). In the same year, inspired by such structure, Sony
invented a PNP junction type PPD with VOD (vertical overflow drain) function (Japanese Patent No. 1215101 Yoshiaki Hagiwara). After that, Sony
succeeded in making a principle prototype of a frame transfer CCD image sensor that adopted the PNP junction type PPD technology, having a high-
impurity-concentration P+ channel stop region formed near a light receiving section by ion implantation technology for the first time in the world, and
its technical paper was presented at the academic conference, SSDM 1978 (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)). In 1980, Sony succeeded in making a camera
integrated VTR which incorporated a one-chip frame transfer CCD image sensor that adopted the PNP junction type PPD. President Iwama in Tokyo,
Chairperson Morita in New York, at the time held a press conference respectively on the same day, which surprised the world. In 1987, Sony succeeded
in developing a 8 mm video camcorder that adopted, for the first time in the world, the interline transfer CCD image sensor, which incorporated "PPD
having a high-impurity-concentration P+ channel stop region formed near the light receiving section by ion implantation technology" with VOD
function, and became the pioneer of the video camera market. The PPD technology that has been nurtured through such a long history is still used in
back-illuminated CMOS image sensors.
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Difference between Buried Photodiode and Pinned Photodiode

| 8 years, 10 months ago  Modif 2 years, 8 months ago  Viey 6k times

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
b what is the buried 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.

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 q,, = 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 to Teranishi and to Fossum (in CMOS image sensors)

b AY. Hlaceholder
' } i I it
w(.,.‘e;\
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Sony Corporation

Sony's Representative Inventions Supporting Stacked Multi-Functional CMOS
Image Sensors

Sony Semiconductor Solutions Corporation
Pinned Photodiode Adopted for Back-Illuminated CMOS Image Sensors

The history of Sony's inventions of image sensors goes back to the CCD era. Above all, Pinned Photodiode is a technology that contributes to improving
the performance of back-illuminated CMOS image sensors, and the history of inventions and product development are as below.

In 1975, Sony invented a CCD image sensor that adopted a back-illuminated N+NP+N junction type and an N+NP+NP junction type Pinned Photodiode
(PPD) (Japanese patent application number 1975-127646, 1975-127647 Yoshiaki Hagiwara). In the same year, inspired by such structure, Sony
invented a PNP junction type PPD with VOD (vertical overflow drain) function (Japanese Patent No. 1215101 Yoshiaki Hagiwara). After that, Sony
succeeded in making a principle prototype of a frame transfer CCD image sensor that adopted the PNP junction type PPD technology, having a high-
impurity-concentration P+ channel stop region formed near a light receiving section by ion implantation technology for the first time in the world, and
its technical paper was presented at the academic conference, SSDM 1978 (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)). In 1980, Sony succeeded in making a camera
integrated VTR which incorporated a one-chip frame transfer CCD image sensor that adopted the PNP junction type PPD. President Iwama in Tokyo,
Chairperson Morita in New York, at the time held a press conference respectively on the same day, which surprised the world. In 1987, Sony succeeded
in developing a 8 mm video camcorder that adopted, for the first time in the world, the interline transfer CCD image sensor, which incorporated "PPD
having a high-impurity-concentration P+ channel stop region formed near the light receiving section by ion implantation technology" with VOD
function, and became the pioneer of the video camera market. The PPD technology that has been nurtured through such a long history is still used in
back-illuminated CMOS image sensors.




Pinned_Photodiode_Adopted_for_Back_Illuminated_CMOS_Image_Sensors
announce_in_public_by_Sony_on_2020_06_26
https://www.sony.com/en/Sonylnfo/News/notice/20200626/

Pinned Photodiode Adopted for Back-Illuminated CMOS Image Sensors

The history of Sony's inventions of image sensors goes back to the CCD era. Above all,
Pinned Photodiode is a technology that contributes to improving the performance of back-
illuminated CMOS image sensors, and the history of inventions and product development are

as below.

In 1975, Sony invented a CCD 1mage sensor that adopted a back-illuminated N+ NP+N
junction type and an N+NP+NP junction type Pinned Photodiode (PPD) (Japanese patent
application number 1975-127646, 1975-127647 Yoshiaki Hagiwara). In the same year,
inspired by such structure, Sony invented a PNP junction type PPD with VOD (vertical
overflow drain) function (Japanese Patent No. 1215101 Yoshiaki Hagiwara).

Japanese Patent No. 1215101 ( Japanese Patent Application 1975-134985 ) by Yoshiaki Hagiwara



Pinned_Photodiode_Adopted_for_Back_Illuminated_ CMOS_Image_Sensors
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After that, Sony succeeded in making a principle prototype of a frame transfer CCD
image sensor that adopted the PNP junction type PPD technology, having a high-impurity-
concentration P+ channel stop region formed near a light receiving section by ion
implantation technology for the first time in the world, and its technical paper was presented
at the academic conference, SSDM 1978 (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)).
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In 1980, Sony succeeded in making a camera integrated VTR which incorporated a one-
chip frame transfer CCD image sensor that adopted the PNP junction type PPD. President
Iwama in Tokyo, Chairperson Morita in New York, at the time held a press conference

respectively on the same day, which surprised the world.

In 1987, Sony succeeded in developing a 8 mm video camcorder that adopted, for the
first time in the world, the interline transfer CCD image sensor, which incorporated "PPD
having a high-impurity-concentration P+ channel stop region formed near the light receiving
section by 1on implantation technology" with VOD function, and became the pioneer of the
video camera market. The PPD technology that has been nurtured through such a long history

i1s still used in back-illuminated CMOS image sensors.
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Semiconductor History Museum of Japan

1975-85
Improvement of photodiode for image sensor
(Sony, Hitachi, NEC, Toshiba)

~ Discrete Semiconductor/Others ~

Semiconductor History Museum of Japan says that Hagiwara invented Pinned Photodiode.

In 1975, Sony proposed using a PNP transistor as the photodetector [¥l. 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 light receiving part.

[3] Y. Hagiwara, Japanese Patent JP1975—134985



SONY- FairchiIdPatent War (1991-2000) on Pinned Photo Diode with Vertical OFD Hagiwara also proposed the thyristor type punch-thru clocking scheme,
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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
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SONY 1975-134985 Japanese Patent officially, Four Japanese Patent Applications on Pinned Photodiode with Electric Shutter Function and the
000N the First Patent Award from Mr. Ando, in-Pixel Global Shutter MOS/CQD B'uffer Memory Function for Modern CMOS Image Sensors.
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https://en.wikipedia.org/wiki/Photodiode

Pinned photodiode | edit ]
Not to be confused with PIN photodiode.

The pinned photodiode (PPD) has a shallow implant (P+ or N+) in N-type or P-type diffusion layer, respectively, over a P-type or N-type (respectively)
substrate layer, such that the intermediate diffusion layer can be fully depleted of majority carries, like the base region of a bipolar junction transistor.
The PPD (usually PNP) is used in CMOS active-pixel sensors; a precursor NPN variant with a clocked top N layer was invented at Sony in 1975 for use
in CCD image sensors.

Early charge-coupled device image sensors suffered from shutter lag. This was largely resolved with the invention of the pinned photodiode.[21] It
was invented by Nobukazu Teranishi, Hiromitsu Shiraki and Yasuo Ishihara at NEC in 1980.[211[22] They recognized that lag can be eliminated if the
signal carriers could be transferred from the photodiode to the CCD. This led to their invention of the pinned photodiode, a photodetector structure
with low lag, low noise, high quantum efficiency and low dark current.[21] It was first publicly reported by Teranishi and Ishihara with A. Kohono, E.
Oda and K. Arai in 1982, with the addition of an anti-blooming structure.[211[23] The new photodetector structure invented at NEC was given the
name "pinned photodiode” (PPD) by B.C. Burkey at Kodak in 1984. In 1987, the PPD began to be incorporated into most CCD sensors, becoming a
fixture in consumer electronic video cameras and then digital still cameras.[21]

In 1994, Eric Fossum, while working at NASA's Jet Propulsion Laboratory (JPL), proposed an improvement to the CMOS sensor: the integration of the
pinned photodiode. A CMOS sensor with PPD technology was first fabricated in 1995 by a joint JPL and Kodak team that included Fossum along with
P.PK. Lee, R.C. Gee, R.M. Guidash and T.H. Lee. Since then, the PPD has been used in nearly all CMOS sensors. The CMOS sensor with PPD
technology was further advanced and refined by R.M. Guidash in 1997, K. Yonemoto and H. Sumi in 2000, and I. Inoue in 2003. This led to CMOS
sensors achieve imaging performance on par with CCD sensors, and later exceeding CCD sensors.[21]

On June 9, 1975 Philips invented Buried Photodiode with RC delay time (Netherland Patent 7506975)

On Oct 23, 1975Hagiwara at Sony invented Pinned Photodiode with the pinned surface and the complete
charge transfer capability of no-image-lag feature, realize the Electric Shutter and Global Shutter.

In SSDM1978, Hagiwara team at Sony reported PNP junction type Pinned Photodiode with the complete
charge transfer capability and the no-image-lag with the very low dark current and the defect-free feature
In IEDM1982, Teranishi team in NEC reported Buried Photodiode with Image Lag data.



True History of Photodiode

(1) Single Junction Type Dynamic Photodiode before 1970

(2) CCD/Mos type dynamic Photodiode invented in 1970

(3) Double Junction type Dynamic Photodiode invented by Philips in June 9, 1975

(4) Triple Junction type Dynamic Photodiode with the pinned surface‘invented by Sony in Oct 23, 1975.
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Sony never used LOCOS isolation nor Shallow Trench Isolation. Both suffer the yield problem of Dark
Current and White Defects. Instead, Sony used high energy ion implantation to form the adjacent heavily
doped P+ channel stops region with the Lamp Anneal Technology invented by Kazuo Nishiyama at Sony.

(1) The first Pinned Photodiode with the adjacent  (2) Pinned Photodiode with the adjacent P+ channel stops

P+ channel stops and no LOCOS isolation and no LOCOS isolation as explained by ssis.or.jp in
invented and reported at SSDM1978 by Hagiwara. the official Semiconductor History Museum WEB site.
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Fig. 4. Example of a pinned photodiode implemented in a CMOS image
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True Historv of Photodiode

First Pinned Photodiode was invented by Hagiwara in 1975 and reported at SSDM1978 by Sony.
Sony never used LOCOS isolation nor Shallow Trench Isolation. Both suffer the yield problem of Dark
Current and White Defects. Instead, Sony used high energy ion implantation to form the adjacent heavily
doped P+ channel stops region with the Lamp Anneal Technology invented by Kazuo Nishiyama at Sony.

(1) The first Pinned Photodiode with the adjacent (2) Pinned Photodlode with the adjacent P+ channel stops

P+ channel stops and no LOCOS isolation and i as explained by ssis.or.jp in
invented and reported at SSDM1978 by Hagiwara. the official Semiconductor History Museum WEB site.
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(3) Buried Photodiode reported (4) Pinned Photodiode reported (5) Pmned Photodiode reported
at IEDM1982 by NEC at IEDM1984 by KODAK by Teranishi in 2014
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Sony Pinned Photodiode has the adjacent P+ heavily doped channel stops always directly grounded to
the metal wire at the surface since 1978. Sony never used LOCOS isolation nor Shallow Trench Isolation.
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Difference between Buried Photodiode and Pinned Photodiode

| 8 years, 10 months ago  Modif 2 years, 8 months ago  Viey 6k times

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
b what is the buried 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.

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 q,, = 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 to Teranishi and to Fossum (in CMOS image sensors)
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Semiconductor History Museum of Japan

1975-85
Improvement of photodiode for image sensor
(Sony, Hitachi, NEC, Toshiba)

~ Discrete Semiconductor/Others ~

Semiconductor History Museum of Japan also says that Hagiwara invented PNP Pinned Photodiode in 1975.

In 1975, Sony proposed using a PNP transistor as the photodetector Bl. 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 light receiving part.

[3] Y. Hagiwara, Japanese Patent JP1975—134985


https://www.shmj.or.jp/english/pdf/dis/exhibi1005E.pdf

https://www.shmj.or.jp/english/pdf/dis/exhibil005E.pdf

Semiconductor History Museum of Japan

1975-85
Improvement of photodiode for image sensor
(Sony, Hitachi, NEC, Toshiba)

~ Discrete Semiconductor/Others ~

Semiconductor History Museum of Japan also says that Hagiwara invented PNP Pinned Photodiode in 1975.

Semiconductor History Museum of Japan also says that Hagiwara developed Pinned Photodiode in 1978.

In 1978, Sony
announced an FT (Frame Transfer) -CCD image sensor, using the photodiode with the same
structure 1. 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 16,

[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 Journal 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. 32-3S, (1981)


https://www.shmj.or.jp/english/pdf/dis/exhibi1005E.pdf
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A Review of the Pinned Photodiode for
CCD and CMOS Image Sensors

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

Abstract—The pinned photodiode is the primary photodetector
structure used in most CCD and CMOS image sensors. This
paper reviews the development, physics, and technology of the
pinned photodiode.

Index Terms—Charge-coupled device (CCD), CMOS active
pixel image sensor (CIS), photodetector, pinned photodiode
(PPD), pixel.

[. INTRODUCTION

HE “pinned photodiode™ is a photodetector structure used
Tin almost all charge-coupled device (CCD) and CMOS
image sensors (CIS) due to its low noise, high guantum
efficiency and low dark current. We found that a comprehen-
sive review paper on this device structure was needed in the
literature. In this paper we will review the history of the pinned
photodiode development, discuss the physics of its operation,
briefly discuss its fabrication, and review its application.

The photocurrent depends on the wavelength-dependent
photon flux ¢ (&) incident on the semiconductor and the
wavelength-dependent quantum efficiency n(i) which ac-
counts for optical reflection, absorption and carrier collection:

Iow =q ¢ (2).n(2)dr (2)

The integrating photodiode was the basis for the earliest
MOS passive pixel sensors (PPS) [5].

In 1968, Nobel at Plessey proposed a buried photodiode-
structure for MOS PPS to reduce dark current (the collected
signal in the dark due to thermal generation and diffusion) and
to improve the packing density of pixels [6]. (A more modern-
looking buried photodiode was proposed by Koike at Hitachi
in 1977 to increase photodiode capacitance in MOS PPS [7].)

The CCD was invented in 1969 at Bell Labs by Boyle
and Smith [8] and its application to iImage sensors was



NEC Double Junction type Buried Photodiode
reported also Serios Image Lag in IEDM1982 Paper
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Conventional N+P Single Junction
type Photodiode with Serios Image Lag
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Fig. 1. Signal charge transfer from ILT CCD n+ p photodetector. *Mfﬂ/ /’
PFP=300mV
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B. Complete Charge Transfer to Eliminate Lag

To solve the ILT lag (and kTC noise) problem. a low-
1 1 1shi In Fig. 2. Complete charge transfer from a pinned photodiode. (a) structure

1980 [19] and reported in 1982 [20] as shown in Fie. 2. including VOD (b) potential well diagram (from Teranishi et al., 1982).




IEDM 1984 KO DAK Pa per First PinnIP';olt:!dge v|v:! i|n\§nttegy':-lavgiwgfin 19P75t]d9e£2dg !S?Mg7§)y Sony.

Sony never used LOCOS isolation nor Shallow Trench Isolation. Both suffer the yield problem of Dark
Current and White Defects. Instead, Sony used high energy ion implantation to form the adjacent heavily
doped P+ channel stops region with the Lamp Anneal Technology invented by Kazuo Nishiyama at Sony.

(1) The first Pinned Photodiode with the adjacent  (2) Pinned Photodiode with the adjacent P+ channel stops

P+ channel stops and no LOCOS isolation and no LOCOS isolation as explained by ssis.or.jp in
invented and reported at SSDM1978 by Hagiwara. the official Semiconductor History Museum WEB site.
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n‘ = = Sony Pinned Photodiode has the adjacent P+ heavily doped channel stops always directly grounded to
8 i = the metal wire at the surface since 1978. Sony never used LOCOS isolation nor Shallow Trench Isolation.
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Fig. 4. Example of a pinned photodiode implemented in a CMOS image
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NetActive (cm*-3) ?
I 1.7650+20

40130417

Not Pinned

9.12%+14 Not Pinned

1.9530+12
-5303e+13

~233e+16

-1.0260+19

Fig. 4. Example of a pinned photodiode implemented in a CMOS image
sensor showing doping concentrations. (Dimensional units are microns).

CMOS manufacturing method was filed in 1999 [45]. Since Fig. 5
then, many other methods for BSI manufacturing have been &€ 1

- - ~ .« .



Who invented Pinned Photodiode ?

Hagiwara at Sony invented Pinned Photodiode in 1975. The evidence is give by the three Japanese patent applications,
JPA1975-127646, JPA1975-127647 and JPA1975-134985. The first Pinned Photodiode was defined in October 23, 1975
as the N+NPNP triple junction( in Fig. 7 of JAP1975-127646) type and the N+NPN double junction type (in Fig. 7 of
JAP1975-127647) type photodiodes with the N+ type pinned surface and the P type buried photo charge storage

region with the complete charge transfer capability and the no-image-lag feature. The photo charge is transferred and
drained to the CCD/MOS type charge storage buffer memory quicky by the strong punch-thru action. The second
Pinned Photodiode was defined in November 10, 1975 as the PNP double junction (in Fig. 6 of JAP1975-134985) type
photodiode with the vertical overflow drain action also with the complete charge transfer capability and the no-image-
lag feature as evidence the empty potential well of the buried photo charge storage, completely depleted of the charge.

= Py o

ok i « ¢ BNy ==r"~.4-;===i~* _,,
. /= Pinned i | DD W |
i 2 47]
e e 3 P =ix e & 2
- = : = "j." - A g N b =
/.J / - o
JPA1975-127646 Fig. 7 JPA1975-127647 Fig. 7

JPA1975-134985 Fig. 6



True Historv of Photodiode

First Pinned Photodiode was invented by Hagiwara in 1975 and reported at SSDM1978 by Sony.

Sony never used LOCOS isolation nor Shallow Trench Isolation. Both suffer the yield problem of Dark
Current and White Defects. Instead, Sony used high energy ion implantation to form the adjacent heavily
doped P+ channel stops region with the Lamp Anneal Technology invented by Kazuo Nishiyama at Sony.

(1) The first Pinned Photodiode with the adjacent (2) Pinned Photodiode with the adjacent P+ channel stops

P+ channel stops and no LOCOS isolation and no LOCOS isolation as explained by ssis.or.jp in
invented and reported at SSDM1978 by Hagiwara. the official Semiconductor History Museum WEB site.

. s. No LOCOS :i B —— .
Isolation P ‘ N

r
No Shallow
Trench

Isolation

' Photo Diode Transfor; CCD

Galo
(3) Buried Photodiode reported  (4) Pinned Photodiode reported (5) Pinned Photodiode reported
at IEDM1982 by NEC at IEDM1984 by KODAK by Teranishi in 2014
P 0%y **+ Pinning o GR Center
P"Layer - P I Poly-Si ]
\" Quide )

—— ne L

LOCOS p* N’/ Shallow
Isolation p~Substrate

Trench
Isolation

Sony Pinned Photodiode has the adjacent P+ heavily doped channel stops always directly grounded to
the metal wire at the surface since 1978. Sony never used LOCOS isolation nor Shallow Trench Isolation.
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Fig. 3. Schematic of CMOS APS pixel with PPD.

NEC paper was published. However, the “narrow-gate” CCD
with an open p-type surface region for improved QE also
disclosed in the 1975 application was reported in more detail
by Hagiwara et al. at Sony in 1978 [27]. A similar structure
was used extensively by Philips [28].

T

SEL

The PPD, as it is most commonly used today, bears the
strongest resemblance to the Teranishi et al. ILT CCD device.

Thus, these days Teranishi is considered as the primary inven-
tor of the modern PPD [29].

D. Application to CMOS Active Pixel Image Sensors

In 1993, a CMOS active pixel image sensor (APS) with
intra-pixel charge transter was proposed by Fossum et al.
at JPL [30], [31]. Performance improvement using backside
illumination (BSI) and a pinned photodiode was suggested
in 1994 [32]. A CMOS APS pixel with a PPD is shown
schematically in Fig. 3. Signal charge collected by the pixel




Active in-pixel AMP circuit invented by Peter Noble in 1968

Column Pulse 2
Column Pulse 1 GND 0V Vout

Peter Nobel, IEEE Tran. of Electron Devices 15-4 (1968) pp. 202-209



True History of Photodiode

(1) Single Junction Type Dynamic Photodiode before 1970

(2) CCD/Mos type dynamic Photodiode invented in 1970

(3) Double Junction type Dynamic Photodiode invented by Philips in June 9, 1975

(4) Triple Junction type Dynamic Photodiode with the pinned surface‘invented by Sony in Oct 23, 1975.
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PPD with in-pixel VOD function was drawn in Hagiwara Lab Note in Feb 1975.



SONY- FairchiIdPatent War (1991-2000) on Pinned Photo Diode with Vertical OFD Hagiwara also proposed the thyristor type punch-thru clocking scheme,
SERvug L $ ; . synchronized with the TV scanning system to achieve the electric shutter.
% ~EZ B ! g s
j =
§ - : ; }é S F HAD¥E ¥ Electric Shutter Basic Patent Award
: - ] > g reors from Sony President Idei to Yoshiaki Hagiwara
= > g = ; 2 9 g HAD (Hole Accumulation Diede for Japanese Patent 1977-126885 by Haglwara
2B D { EgC REER. & /o v r PR —
i ig; 2 Tgl"gé-;g IR HAD Sensor O 2L A192Y 1975-134985 ) i
& ¥ = W oor ¥ 3 1

R vorS OB AN 1977126885 50k -y
o1z m

From Japanese News Paper, July 16, 1996.
1996 £ 7 B B P ITRFMEE, S
(2000 4 | AKEBAS I TRERE Y = —BIF)
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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Electric Shutter Mode

Color Fliter”

1975-134985 Sony HAD = VOD + PPD
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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
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SONY 1975-134985 Japanese Patent officially, Four Japanese Patent Applications on Pinned Photodiode with Electric Shutter Function and the
000N the First Patent Award from Mr. Ando, in-Pixel Global Shutter MOS/CQD B'uffer Memory Function for Modern CMOS Image Sensors.
RPEEEREN Sony president in April, 2001 after more Japanese Patent Application JPA1975-127646
26 years of struggles since his invention. Japanese Patent Application JPA1975-127647
Dynamic Photo Transistor Operation
1 88 PrZ)posed by Hagiwara at Sor:)yin 1975 Japanese Patent Application JPA1975-134985
P e *jf;hf Japanese Patent Application JPA1977-126885
W RI219101 8 K X The first Pinned Photodiode papers in 1977 and 1978 by Hagiwara at Sony
- " P1977 Narrow_Cahnnel Transfer _Gate CCD_SSDM1977 Paper_by Hagiwara.pdf"
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Who invented Pinned Photodiode ? Who invented Electric Shutter function with no image lag feature ?

Sony invented in 1975 and developed in 1987 the Anti-Blooming Electric Shutter in Pinned Photodiode.
Hagiwara invented Pinned Photodiode in 1975. Sony developed Pinned Photodiode in 1978 for the first time.
Sony also developed in 1987 the PNPN junction type Pinned Photodiode with Electric Shutter Function.

. Pinned | Low Surface | Blue Light } Photo Sensor | Buried PN junction | Pinned Photo Sensor} Anti-blooming
Priority R/D Efforts by Surface | Dark Current] Sensitivity| Structure § Memory Capacitor]  Nolmagelag | Electric Shutter
(1)1970~1974 | Buried Channel CCD | Bell Lab] Yes NO NO mos+nNP | YES YES NO
(2) June 9,1975 |JPA 1976-65707 | Philips | NO YES YES PNP NO

(3) Oct 23,1975 | JPA 1975-127646

(4) Oct 23,1975 | JPA 1975-127647
(5) Nov 10, 1975 | JPA 1975-134985

NO NO
yes YES YES n+NP+NP] YES YES YES
yes YES YES N+NP+N YES YES YES
yes YES YES PNP | YES YES YES
yes YES YES PNP NO YES NO

(7) Oct2,1980 | JPA 1980-138026 | NEC | NO YES YES pNPp | YES NO
(8) Dec,1982 | IEDM1982 NEC NO YES YES PNP “
(9) Dec, 1984 | IEDM1984 KODAK| Yes YES YES PNP YES YES

Only Pinned Photodiode with the pinned surface can have the Electric Function with no image lag feature.

(6) Sept, 1978 SSDM1978




E-MAIL communications on Sony-Fairchild Patent War

February 6, 1996

Evidence of Hagiwara contribution in the Patent War on the PPD VOD patent (Hagiwara JPA 1975-134985)
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E-MAIL communications on Sony-Fairchild Patent War
February 6, 1996

Evidence of Hagiwara contribution in the Patent War

on the PPD VOD patent (Hagiwara JPA 1975-134985)
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Sony Corporation

Sony's Representative Inventions Supporting Stacked Multi-Functional CMOS
Image Sensors

Sony Semiconductor Solutions Corporation
Pinned Photodiode Adopted for Back-Illuminated CMOS Image Sensors

The history of Sony's inventions of image sensors goes back to the CCD era. Above all, Pinned Photodiode is a technology that contributes to improving
the performance of back-illuminated CMOS image sensors, and the history of inventions and product development are as below.

In 1975, Sony invented a CCD image sensor that adopted a back-illuminated N+NP+N junction type and an N+NP+NP junction type Pinned Photodiode
(PPD) (Japanese patent application number 1975-127646, 1975-127647 Yoshiaki Hagiwara). In the same year, inspired by such structure, Sony
invented a PNP junction type PPD with VOD (vertical overflow drain) function (Japanese Patent No. 1215101 Yoshiaki Hagiwara). After that, Sony
succeeded in making a principle prototype of a frame transfer CCD image sensor that adopted the PNP junction type PPD technology, having a high-
impurity-concentration P+ channel stop region formed near a light receiving section by ion implantation technology for the first time in the world, and
its technical paper was presented at the academic conference, SSDM 1978 (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)). In 1980, Sony succeeded in making a camera
integrated VTR which incorporated a one-chip frame transfer CCD image sensor that adopted the PNP junction type PPD. President Iwama in Tokyo,
Chairperson Morita in New York, at the time held a press conference respectively on the same day, which surprised the world. In 1987, Sony succeeded
in developing a 8 mm video camcorder that adopted, for the first time in the world, the interline transfer CCD image sensor, which incorporated "PPD
having a high-impurity-concentration P+ channel stop region formed near the light receiving section by ion implantation technology" with VOD
function, and became the pioneer of the video camera market. The PPD technology that has been nurtured through such a long history is still used in
back-illuminated CMOS image sensors.
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Difference between Buried Photodiode and Pinned Photodiode

| 8 years, 10 months ago  Modif 2 years, 8 months ago  Viey 6k times

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
b what is the buried 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.

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 q,, = 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 to Teranishi and to Fossum (in CMOS image sensors)

b AY. Hlaceholder
' } i I it
w(.,.‘e;\

avd 29.6k

electronics.stackexchange. inned-photodiode
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Proceedings of the 9th Conference on Solid State Devices, Tokyo, 1977:
Japanese Journal of Applied Physics, Volume 17 (1978) Supplement 17—1 pp. 255-261

Two Phase CCD with Narrow-Channel Transfer Regions

Yoshiaki DAIMON-HAGIWARA

Sony Corporation Research Center Yokohama 240

with no image lag
When the channel width of a FET becomes of the same order of magmtude as the

depth of the gate depletion region, an increase of threshold voltage is observed. This
narrow-channel effect has been applied successfully in creating an asymmetrical
potential well under an electrode for two phase CCD operations. The basic perform-
ance of this new structure has been evaluated in a 242 element analog delay line with 60
pum channel width and 36 um element length. Observed inefficiencies per transfer are in
the low 10~ for surface channel versions and in the low 1077 for buried channel
versions.



Proceedings of the 9th Conference on Solid State Devices, Tokyo, 1977;
Japanese Journal of Applied Physics, Volume 17 (1978) Supplement 17-1, pp. 255-261

Two Phase CCD with Narrow-Channel Transfer Regions

256 Yoshiaki Daimon-HAGIWARA
Yoshiaki DAIMON-HAGIWARA

Sony Corporation Research Center Yokohama 240

with no image lag
CLOCK-T T :.:,.:_ ‘_z

. , gate voltage, (volt)
Fig. 4. Input and output wave forms for 242 analo; -5 0 5 10 15
. . . . Fig. 2. The actual measured channel potentials plotted against the gate voltage for both
delay line in buried channel version. et e kit ey
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NARROW CHANNEL TRANSFER REGIONS
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Fig. 1. Top and crosssectional views of the electrode
structure for two phase CCD with narrow-channel
transfer regions.

Fig. 3. The end sections of 242 element analog delay line.



Proceedings of the lOth. Conference on Solid State Devices, Tokyo, 1978;
Japanese Journal of Applied Physics, Volume 18 (1979) Supplement 18-1, pp. 335-340

A 380H x 488V CCD Imager
with Narrow Channel Transfer Gates

Yoshiaki Daimon-HAGIWARA, Motoaki ABe' and Chikao OxapA'

Sony Corporation Research Center, Yokohama 240
' Semiconductor Development Division, Yokohama 240
with no image lag
When the channel width of an FET becomes of the same order of magnitude as the
depth of the gate depletion region, an increase of threshold voltage is observed. This
narrow-channel effect has been applied successfully in creating an asymmetric potential
well under an electrode for two phase CCD operations. The feasibility of this new
structure has been confirmed in a 242 element analog delay line and the application is
now extended to a 380H x 488V CCD Imager. In the constructed B/W CCD camera,
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Japanese Journal of Applied Physics, Volume 18 (1979) Supplement 18-1, pp. 335-340

A 380H x 488V CCD Imager

with Narrow Channel Transfer Gates Without Image Signal

Yoshiaki Daimon-HAGIWARA, Motoaki ABe' and Chikao OkADA

Sony Corporation Research Center, Yokohama 240
' Semiconductor Development Division, Yokohama 240
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IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 43, NO. 12, DECEMBER 1996

High-Density and High-Quality Frame Transfer
CCD Imager with Very Low Smear, Low Dark
Current, and Very High Blue Sensitivity

with no image lag

Abstract—When the channel width of an FET becomes of the
same order of magnitude as the depth of the gate depletion
region, an increase of the threshold voltage is observed. This
narrow channel effect has been applied successfully in creating an
asymmetric potential well under an electrode for two-phase CCD

operation. The feasibility of this structure has been confirmed in-

a 242-element analog delay line. The application is now extended
to a 800 H x 492 V frame transfer-type buried channel CCD
imager with 14.31818 MHz frame shift, which results in a very
low smear level of 0.01%, which is good enough for low-cost
multimedia video camera applications. ' SR

I. INTRODUCTION

Sincs their introduction in the 1970’s, CCD sensors have
improved dramatically. CCD’s, however, have a number
of disadvantages in multimedia applications. Ackland empha-

to the interline-type CCD imager, yet holds ‘a large signal
charge packet. The on-chip frame memory can also be used
as a buffer memory for various multimedia applications.

 On these points, some brief discussions regarding a new
frame-transfer CCD structure and their results are reported.

‘The new structure is bipolar-type image sensing element with

a p-n-p SUB structure. The structure was originally proposed
by the author in 1975 [8]. Some related ideas, hidden in the
form of difficult legal wording, and other efforts, disclosed in
the form of published papers, will be reviewed and discussed
in details to explain the background and originality of the:
author’s proposed structure. | _

II. BIPOLAR IBAAGE SENSING E'.LEMENT
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High-Density and High-Quality Frame Transfer
CCD Imager with Very Low Smear, Low Dark
Current, and Very High Blue Sensitivity
Yoshiaki Hagiwara, Member, IEEE
with no image lag
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now widely adapeed in interline ransfer CCD imagers. The haiched regions .
(V1) covenng the top are tae polysilicon elecerodes fer the vertical CCD shift Fig. 2
regisiers. The seasor regions e not covered by the polysilicon electrodes.
(b) MOS capacitance-type imaging wensing element Quiced is the author's
inventon of November 10, 1975, and knows then as a conventonal scructure.
The top layer (V3) can be either a thin polysilicon or a cransparent semsor
elecrrade. (c) Blpolar junction-type image seasing element wieh a op wiring

i when
(2) rations of bipolar junction-Type image seasing element
the mmu?a.am 10 be the same as the Pl region. Q1. Q2, mq Q3 are
fixed charges ia the dep regions. () Op of & bipolar j ype
image sensing elersent when the sebstrate i differeas from the Pl regica. 'QJ
and 'QO are fixed charges in the depletion regwons, where 20 mobile cariers

are preseck.

lead (V). [n this case, as 3 simple example, e first pregion (P)) is set

equal w the silicca substrate.

HAGIWARA: HIGH-DENSITY AND HIGH-QUALITY FRAME TRANSFER oo

‘S:.E‘M‘.pbaun of kmagiag sres. Coll size Is 11 pm H x 13 gmV.

TABLE II
DEVICE CHARACTERISTICS

(a SEMpmunolnmmmCeu size is 1) pm H x 9 pmV, (b)

Optical Format 2/3 inch

Transfer System Frame Transfer

Total Number of Pixels 800H x492V

Chip Size 100 mmH x 12.5 mm V
Cell Size Imaging Area IMTyumHx 13umV
Cell Size Storage Area ITymHx9umV
Silicon Substrate p-type (100) 10-15 ohm-cm
Horizontal Resolution 560 TV lines

Vertical Resolution 350 TV lines

Smear 0.01 %

Noise 10 electrons/pixel

Output Gain 4 nV/e

Lag Undetectable

‘Dynamic Range 83 dB

Charge Capacity 200,000 electrons/pixcel
Minimum [lumination (F1.4)\ 1.6 lux

) .
with no image lag

1.0 x ] ] [/N\iz
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Fig. 7. Relative spectrum response. The relative response of the bipolar-type
SiO2-P2-N1-P1-SUB structure is compared with poly~SiO2-N2-P(SUB)
structures of the polysilicen thickness of 50 and 150 nm.
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High—Density and High-Quality Frame Transfer
CCD Imager with Very Low Smear, Low Dark
Current, and Very High Blue Sensitivity

Y.D. Hagiwara Nov 10, 1975
hv ?V 1975 Hagiwara
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The First Pinned Photodiode was invented by Hagiwara at Sony in 1975

in order to realize the in-pixel electric shutter function. The evidence is

given in the Japanese patent application JPA1975-127646, which defined

the pinned-surface triple-junction dynamic-thyristor type Pinned Photodiode.

The evidence are given in the Japanese Patent Applications,
JPA1975-127646, JPA1975-127646 and JPA1975-134985.

Fig 7 in JPA1975-127646 Fig7 in JPA1975-127647 Fig 6 in JPA1975-134985
o " e 1o
> Japanese Patent 1975-13498S
F R . > —a A Tt
o i o ~ Fig.6 ¢ ¢ —
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PPD with in-pixel VOD function was drawn in Hagiwara Lab Note in Feb 1975.
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SONY- Fairchild Patent War (1991-2000) iode with Vertical OFD
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From Japanese News Paper, July 16, 1996.
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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 ovenﬂow 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
SONY 1975-134985 Japanese Patent officially,
the First Patent Award from Mr. Ando,

2000%
HPEEEREN Sony president in April, 2001 after more
o

26 years of struggles since his invention.

9 Dynamic Photo Transistor Operation
1 . Proposed by Hagiwara at Sony in 1975
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Pinned_Photodiode_Adopted_for_Back_Illuminated_CMOS_Image_Sensors
announce_in_public_by_Sony_on_2020_06_26
https://www.sony.com/en/Sonylnfo/News/notice/20200626/

Pinned Photodiode Adopted for Back-Illuminated CMOS Image Sensors

The history of Sony's inventions of image sensors goes back to the CCD era. Above all,
Pinned Photodiode is a technology that contributes to improving the performance of back-
illuminated CMOS image sensors, and the history of inventions and product development are

as below.

In 1975, Sony invented a CCD 1mage sensor that adopted a back-illuminated N+ NP+N
junction type and an N+NP+NP junction type Pinned Photodiode (PPD) (Japanese patent
application number 1975-127646, 1975-127647 Yoshiaki Hagiwara). In the same year,
inspired by such structure, Sony invented a PNP junction type PPD with VOD (vertical
overflow drain) function (Japanese Patent No. 1215101 Yoshiaki Hagiwara).

Japanese Patent No. 1215101 ( Japanese Patent Application 1975-134985 ) by Yoshiaki Hagiwara



Pinned_Photodiode_Adopted_for_Back_Illuminated_ CMOS_Image_Sensors
announce_in_public_by_Sony_on_2020_06_26
https://www.sony.com/en/Sonylnfo/News/notice/20200626/

After that, Sony succeeded in making a principle prototype of a frame transfer CCD
image sensor that adopted the PNP junction type PPD technology, having a high-impurity-
concentration P+ channel stop region formed near a light receiving section by ion
implantation technology for the first time in the world, and its technical paper was presented
at the academic conference, SSDM 1978 (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)).



Pinned_Photodiode_Adopted_for_Back_Illuminated CMOS_Image_Sensors
announce_in_public_by_Sony_on_2020_06_26
https://www.sony.com/en/Sonylnfo/News/notice/20200626/

In 1980, Sony succeeded in making a camera integrated VTR which incorporated a one-
chip frame transfer CCD image sensor that adopted the PNP junction type PPD. President
Iwama in Tokyo, Chairperson Morita in New York, at the time held a press conference

respectively on the same day, which surprised the world.

In 1987, Sony succeeded in developing a 8 mm video camcorder that adopted, for the
first time in the world, the interline transfer CCD image sensor, which incorporated "PPD
having a high-impurity-concentration P+ channel stop region formed near the light receiving
section by 1on implantation technology" with VOD function, and became the pioneer of the
video camera market. The PPD technology that has been nurtured through such a long history

i1s still used in back-illuminated CMOS image sensors.



https://www.shmj.or.jp/english/pdf/dis/exhibi1005E.pdf

Semiconductor History Museum of Japan

1975-85
Improvement of photodiode for image sensor
(Sony, Hitachi, NEC, Toshiba)

~ Discrete Semiconductor/Others ~

Semiconductor History Museum of Japan says that Hagiwara invented Pinned Photodiode.

In 1975, Sony proposed using a PNP transistor as the photodetector [¥l. 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 light receiving part.

[3] Y. Hagiwara, Japanese Patent JP1975—134985
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Difference between Buried Photodiode and Pinned Photodiode

| 8 years, 10 months ago  Modif 2 years, 8 months ago  Viey 6k times

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
b what is the buried 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.

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 q,, = 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 to Teranishi and to Fossum (in CMOS image sensors)

b AY. Hlaceholder
' } i I it
w(.,.‘e;\

avd 29.6k

electronics.stackexchange. inned-photodiode



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

HAEDE 5 L TDRAME A XA THAR ZHEATE 12D ?
ZDEEXD#EEHIL 1TICODynamic 2R ODRAMDOFBAICH Y £ 7
LA LERZEESETZOEEZPRLED »T=ETNECOENITICEDRAM
DHEPEDZBIIHFRANICIELLBHMEINBVWEEICE>TWET,

NECIZEB T35
DRAM (YT HAE)) D
T x-Eaeld

2006. 8. 8
BOAE

s @;ﬁilzi‘ r E%?Aé\/ld)ggililBM?ﬁ)éJtL\ﬁim’&l'jﬁé HUS4t EUVL BBRAR L 2 — BIAEHE
OIS, 2005438 [CHMGCBREZTo>-EIZ. IBMKLY1 i s A e
| ENECH S S At h T 1Y), BRsas 1o Bk BT ) 1943 EARESN. SREALTOIEEH, Bt
EHRHDDODRAM(1TICE) DRBEEITo1-CeERBLTHY . 2= LEEXFCANEFZNLIREET. BXER (KB)
Eﬂﬁﬁf_&%ﬂﬂ%liﬁﬂLSE*‘%#E@’AB‘J%&%IBM&va’EﬁL'Cﬁo THBUTI\1 R, BFRERRETEOHMAEMREICH
TLDCEDHIBALI=CEE R IT T, FDRRENECH RO B 8 & 4} N EHPRAEFE Q508 (B BEARESY
LEHBHI-LDTHAS. ' - ' : "

BEmERT 2 -RKRNEGEHE, (K ¥REEET

= i y/0J—X (Selete) KAMBEHE ¥ FBK
https://www.shmj.or.jp/museum2010/exhibi718.html M,RA[,D;D.-/-I 5 f&’;ﬁi‘;ﬁ; 3 — A ERR

https://www.nanonet.go.jp/ntjb_pdf/v4n6-1.pdf T, JST - CREST 70 1 7 FFAREIE.



The First Pinned Photodiode was invented by Hagiwara at Sony in 1975

in order to realize the in-pixel electric shutter function. The evidence is

given in the Japanese patent application JPA1975-127646, which defined

the pinned-surface triple-junction dynamic-thyristor type Pinned Photodiode.

The evidence are given in the Japanese Patent Applications,
JPA1975-127646, JPA1975-127646 and JPA1975-134985.
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PPD with in-pixel VOD function was drawn in Hagiwara Lab Note in Feb 1975.

- -

Hagiwara wrote the PPD patentform applied to Sony IP Office on March 5, 1975.

The surface needs be pinned and fixed to achieve the complete charge
transfer mode with no image lag feature, which is a necessary condition
to realize the Electric function. Any photodiode with the floating surface
with some RC delay time constant cannot be used for electric shutter.
See JPA1975-127646 and JPA1975-134985 (Japanese patent 1215101).



Hagiwara also proposed the thyristor type punch-thru clocking scheme,
synchronized with the TV scanning system to achieve the electric shutter.

The Pinned Photodiode (Sony Original HAD sensor) Structure

Electric Shutter Basic Patent Award

from Sony President Idei to Yoshiaki Hagiwara

H ‘““ :_’:’; :f:jf'f""";z°"?":“" for Japanese Patent 1977-126885 by Hagiwara

R HAD Sensor O R A1 1975-134985 ) i
7 Q- AMN 1977-126885 R

HAD¥t ¥
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Electric Shutter Mode
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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 ovenﬂow drain (VOD) ended.
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E-MAIL communications on Sony-Fairchild Patent War

February 6, 1996

Evidence of Hagiwara contribution in the Patent War on the PPD VOD patent (Hagiwara JPA 1975-134985)

ok ok ok ke ok ok ke ok ok kR ko

(1) %iB¥® SONY PRFHRAMMROIMHRZZA D LD S 7 £~

Subject: CCD Patent Report
X-Mailer: Eurora-J(1.3.8.5-J13)

hEtolHETT T,

FORAMIC Y ETH, AHuLE-+ %
BoTHERIHLEHTXELE,

CCD RWizBW I AR LOBEREOKE SN
LHrbod (~HToHRTR) FRELRR
ERDELEY (ROEERILERY) TAY
ADOBRYME oSS EMECLRLTCWIL I
ABLET,

Fhizzhe LT, coBBTEEZADZD
FHIBBIAC L >TORVESHIc ko7
I & & & 2

CRHIBIBESTEINELE,

CCOMRED <= Enid, RAEMELTYH
WACHELTHEELE,

BYofRErEZchroils: (BERET) KL
TL2IH, FIEMETKEE LMoL ET,

HREXALDZ LT HOLARDR VW LR
YL EP>THLNE S L LMWL ET,

ELPLEDOMOEGEMLE THA Wb DT,
FTorv BV ELENOESEMILEC,

Bk

(2) %8y SONY PRFARMNIMMROBERZIADLD A v =Y

Date: Tue. 6 Feb  9608:51:07 JST

To: hagiwara@mica.semicon.sony.co.jp(NanacSato)
From:nanac@avzna.av.crl.sony.co.jp

Subject:testimony3

Cc: msato@saced.semicon.sony.co.jp,ochi@av.crl.sony.co.jp

X-Mailer: Eurora-J(1.3.8-J13)
BRX5TXVET,

@ R & D c-mail % forward L 17,
HELVDE bbb,

SRR ETFIVELT
BOHESTInELL,

(3) SONY oI, HWHH. (LHEMRICHLT
KRB EOBEW 2 A5 6 RE T A RMWBT 2 HY

>X-POP3-Rcpt: nanac@avzna

>Date: Tue. 6, Feb 96 06:48:53 JST

>To: m-morio@cv.sony.co.jp, takahasi@rd.sony.co.jp,
>hashi@re sony.co.jp,tyamada@dpo.crl.sony.co.jp
>Ce: ochi@av.crl.sony.jp.
>msato@saccd.semiocn.sony.co.jp,nanac@av.crl.sony.co.jp
>Subject: testimony3

>From: 81 .2 <ochi@av.crl.sony.co.jp>
>X-Mailer: Winbiff[version 1.50 betal]

SHENT IEASESEDY L2,

>direct exam 12

>74 3£® Amelio (Apple Computer D#ERIZE>TLEWE L 2225)
S PRR. BERLFE-F XY #c,

> EIZ  two phase overlapping gate

>buried channel sclf-aligned implanted barrier

>HHFrLNTWEZ LR,

>Caltech (Bower, McGill, Daimon-Hagiwara (2 #+)

> & Hughes( Erb, Suiz#) & Sony (=M, —fhizsh)
SHOVHLMY, RERLELLE,

>cross exam (R EEGH O MIE & @RLE RRVF—-FIC
SHT LRSI OORRELSPLTLENERL A RCHRDY EL L,

>$%12, Caltech @ Dr. Daimon(Hagiwara) #*
>T54E2H20Hic Y ==k AL TL 3 BES
>yav2%8527-k5C, RBSIEE-T
>LEwnELZ,

>Prof. Bower 7 & %, Dr. Daimon (Hagiwara)#® Caltech 4%
>Sony (= (M®AL%)CCD @ lon Implantation i

> (ISSCC1974 THFRREI' A T2 Dk Piisyliciz
>P+NPNsub {##4® Pinned Photo Diode #ili o1¥a¥ &ML
>% @ lon Implantation &M HTICIENI L 7-) MbTELRI%
>HHIAALIZERD Story DRNHSFTIELLwWEDZ L TLE,

SEERR S AL REABRAD £ 25,
SMMOEH L ZAHT, 2D e-mail %
SHERE XA forward LTL X b,

SHBMEIAIRCO2RTI00=—-JLEKS
>RABEAFRE fax Cik-oT(NRE L,

BT ADESTSRMWcED Y,
>t GERoRBERLET,

~8w

B R AR R R ER R R RS R REREREERSERSERSE



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,

2000%
HPEEEREN Sony president in April, 2001 after more
o

26 years of struggles since his invention.

9 Dynamic Photo Transistor Operation
1 . Proposed by Hagiwara at Sony in 1975
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2019 '_"%ara at Sony Kumameto Tech Center
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Floating N type
Surface region

\\VE

Vs

Floating
Surface
N type
Photo Charge

VVOD Storage Region

The N type Surface region is floating ( not Pinned ) .
The anti-blooming VOD does not function well because the N-type
surface will also be pulled down as the VOD voltage is pulled down deeper.
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Exact Numerical Computer Simulation of Charge Transfer Action
in Buried Channel CCD presented in ISSCC1974 by Yoshiaki Daimon-Hagiwara
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for details see the PhD Thesis by Yoshiaki Daimon-Hagiwara on June 1975 from Caltech.

Caltech_1975_PhD_Thesis_Yoshiaki_Daimon_Hagihara.pdf



https://202011282002569657330.onamaeweb.jp/AIPS_Library/Caltech_1975_PhD_Thesis_Yoshiaki_Daimon_Hagihara.pdf

Exact Numerical Computer Simulation of Charge Transfer Action
in Buried Channel CCD presented in ISSCC1974 by Yoshiaki Daimon-Hagiwara

(@)
0 0 -8 -8 0

(o) (<l
0 -0 -0 0 0 0 -0
|

3 )
SRl A = o e §
\‘\_/" \\ \/l RvA

My PhD thesis paper
on buried channel CCD

|

.
7

p
y.

Mamuem Potental (voit)
-

&

for details see the PhD Thesis by Yoshiaki Daimon-Hagiwara on June 1975 from Caltech.

Caltech 1975 PhD Thesis Yoshiaki Daimon Hagih

Prof. James McCaldin and Hagiwara

at ISSCC1974, in Philadelphia, USA

Prof. C. A. Mead


https://202011282002569657330.onamaeweb.jp/AIPS_Library/Caltech_1975_PhD_Thesis_Yoshiaki_Daimon_Hagihara.pdf

True History of Photodiode

(1) Single Junction Type Dynamic Photodiode was used in image sensors before 1970
(2) CCD/MOS type dynamic Photodiode was invented in 1970 with no image lag with the Pinned Gate.

(3) Double Junction type Dynamic Photodiode invented by Philips in June 9, 1975 with RC delay time.

(4) Triple Junction type Dynamic Photodiode with the pinned surfacelinvented by Sony in Oct 23, 1975.
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https://en.wikipedia.org/wiki/Foveon_X3 sensor
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Foveon X3 sensor

From Wikipedia, the free encyclopedia . . . Si02 l . .
Silicon color absorption Foveon X3 sensor stack “ (1) e O
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Light gathering and low-light performance ot et
The Foveon X3 photosensor can detect more photons entering the camera than a mosaic sensor, because each of the color filters
overlaying each photosite of a mosaic sensor passes only one of the primary colors and absorbs the other two. The absorption of
these colors reduces the total amount of light gathered by the sensor and destroys much of the information about the color of the
light impinging on each sensor element. Although the Foveon X3 has a greater light-gathering ability, the individual layers do not
respond as sharply to the respective colors; thus color-indicating information in the sensor's raw data requires an "aggressive"
matrix (i.e., the removal of common-mode signals) to produce color data in a standard color space, which can increase color noise

in low-light situations.[15]



https://en.wikipedia.org/wiki/Foveon_X3 sensor
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Foveon X3 sensor

From Wikipedia, the free encyclopedia . . . Si02 l . .
Silicon color absorption Foveon X3 sensor stack “ (1) e O
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The Foveon X3 sensor is a digital camera image sensor designed by rFoveon, Inc., (nNOw part of Sigma Corporation) and

manufactured by Dongbu Electronics.[] It uses an array of photosites that consist of three vertically stacked photodiodes. Each of
the three stacked photodiodes has a different spectral sensitivity, allowing it to respond differently to different wavelengths.[2] The
signals from the three photodiodes are then processed as additive color data that are transformed to a standard RGB color space.

The X3 sensor technology was first deployed in 2002 in the Sigma SD9 DSLR camera, and subsequently in the SD10, SD14, SD15,
SD1 (including SD1 Merrill), the original mirrorless compact Sigma DP1 and Sigma DP2 in 2008 and 2009 respectively, the Sigma
dp2 Quattro series from 2014, and the Sigma SD Quattro series from 2016. The development of the Foveon X3 technology is the

subject of the 2005 book The Silicon Eye by George Gilder.



Japanese Patent JPA 1977-837

This patent is applied for the lateral overflow drain (LOD) function.
The excess charge is drained to the N+ lateral output drain (LOD).
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This SiO2 surface exposed photodiode
( has the serious Image lag problem. l z 4 21
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JPA1978-1971 by T. Yamada at Toshiba, an invention of the in-pixel anti-blooming
using the NPN junction photodiode with the floating N photo charge storage
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Bucket Brigade Device

This floating surface photodiode operates

in the BBD type charge transfer mode

with the serious image lag and the truth

is that the in-pixel anti-blooming function
does not function properly at high frequency.



JPA1978-1971 by Tetsuo Yamada at Toshiba
Floating N type VcTa
Surface region I

\\VE

Vvop
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Floating
Surface
N type
Photo Charge
VVOD Storage Region

The N type Surface region is floating ( not Pinned ) .
The anti-blooming VOD does not function well because the N-type
surface will also be pulled down as the VOD voltage is pulled down deeper.



JPA1980-138026 by N. Teranishi et al at NEC

JPA 1980-138026
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This patent is on the PNP junction
type Buried Photodiode but NOT
Pinned Photodiode. The surface P
region is not pinned and grounded.
The surface potential can be of any
value depending on the floating
buried N region potential, which is
actually controlled by the substrate
Psub potential which is grounded in
this case, but in case of a built-in
VOD function P+NPNsub junction
photodiode, the P region potential is
controlled by the Nsub VOD voltage
and can be any value. The surface

P region must be pinned by the
adjacent P+ channel Stops region

or the adjacent metal contact wiring.



Who invented Pinned Photodiode ?

Hagiwara at Sony invented Pinned Photodiode in 1975. The evidence is give by the three Japanese patent applications,
JPA1975-127646, JPA1975-127647 and JPA1975-134985. The first Pinned Photodiode was defined in October 23, 1975
as the N+NPNP triple junction( in Fig. 7 of JAP1975-127646) type and the N+NPN double junction type (in Fig. 7 of
JAP1975-127647) type photodiodes with the N+ type pinned surface and the P type buried photo charge storage

region with the complete charge transfer capability and the no-image-lag feature. The photo charge is transferred and
drained to the CCD/MOS type charge storage buffer memory quicky by the strong punch-thru action. The second
Pinned Photodiode was defined in November 10, 1975 as the PNP double junction (in Fig. 6 of JAP1975-134985) type
photodiode with the vertical overflow drain action also with the complete charge transfer capability and the no-image-
lag feature as evidence the empty potential well of the buried photo charge storage, completely depleted of the charge.
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Proceedings of the 9th Conference on Solid State Devices, Tokyo, 1977;
Japanese Journal of Applied Physics, Volume 17 (1978) Supplement 17-1, pp. 255-261

Two Phase CCD with Narrow-Channel Transfer Regions

256 Yoshiaki Daimon-HAGIWARA
Yoshiaki DAIMON-HAGIWARA

Sony Corporation Research Center Yokohama 240

with no image lag
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. , gate voltage, (volt)
Fig. 4. Input and output wave forms for 242 analo; -5 0 5 10 15
. . . . Fig. 2. The actual measured channel potentials plotted against the gate voltage for both
delay line in buried channel version. et e kit ey
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Fig. 1. Top and crosssectional views of the electrode
structure for two phase CCD with narrow-channel
transfer regions.

Fig. 3. The end sections of 242 element analog delay line.
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High—Density and High-Quality Frame Transfer
CCD Imager with Very Low Smear, Low Dark
Current, and Very High Blue Sensitivity

Y.D. Hagiwara Nov 10, 1975
hv ?V 1975 Hagiwara
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Proceedings of the lOth. Conference on Solid State Devices, Tokyo, 1978;
Japanese Journal of Applied Physics, Volume 18 (1979) Supplement 18-1, pp. 335-340

A 380H x 488V CCD Imager
with Narrow Channel Transfer Gates

Yoshiaki Daimon-HAGIWARA, Motoaki ABe' and Chikao OxapA'

Sony Corporation Research Center, Yokohama 240
' Semiconductor Development Division, Yokohama 240
with no image lag
When the channel width of an FET becomes of the same order of magnitude as the
depth of the gate depletion region, an increase of threshold voltage is observed. This
narrow-channel effect has been applied successfully in creating an asymmetric potential
well under an electrode for two phase CCD operations. The feasibility of this new
structure has been confirmed in a 242 element analog delay line and the application is
now extended to a 380H x 488V CCD Imager. In the constructed B/W CCD camera,
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Japanese Journal of Applied Physics, Volume 18 (1979) Supplement 18-1, pp. 335-340

A 380H x 488V CCD Imager

with Narrow Channel Transfer Gates Without Image Signal

Yoshiaki Daimon-HAGIWARA, Motoaki ABe' and Chikao OkADA

Sony Corporation Research Center, Yokohama 240
' Semiconductor Development Division, Yokohama 240
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Three Important parts of Image Sensor st of Charge TranserDevce (CTO)

(1) Photo Sensor (2) Charge Transfer Davice (CTD) (3) CPU and Memory

O o s e 1) 1TICDRAM Cell type MOS Image Sensor

A Long Line of Nerve Colls

Or w0

" 2) CCD/MOS Capacitor type Image Sensor
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(oun 13) CMOS Digital Circuit type Image Sensor |
A Long Line of Nerve Cells

THRENE Y H ¥ SN Double Junction Type New Solar Cell DIER
See JPA2020-131313 invented by Yoshiaki Hagiwara (AIPS) in 2020



The First Pinned Photodiode was invented by Hagiwara at Sony in 1975

in order to realize the in-pixel electric shutter function. The evidence is

given in the Japanese patent application JPA1975-127646, which defined

the pinned-surface triple-junction dynamic-thyristor type Pinned Photodiode.

The evidence are given in the Japanese Patent Applications,
JPA1975-127646, JPA1975-127646 and JPA1975-134985.
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o " e 1o
> Japanese Patent 1975-13498S
F R . > —a A Tt
o i o ~ Fig.6 ¢ ¢ —
“ B¢ d - c?a T B 2 DI
e = i N " ..
1’ = = . A VOO (St o=l
~ a - “':z.l.‘_
B e C ':‘-”voo voot\i“.”u 8
w o =
~ s Fot s - el
D ~ = ier Electric
Ghnens Sany Z Field Photo Pair
Action Mode ‘ﬂ" Generation
Vs
@ p b +) ? 2
Glodal Shutter

o e “«7 No Image Lag""

PPD with in-pixel VOD function was drawn in Hagiwara Lab Note in Feb 1975.



True History of Photodiode

The difference of Double and Single junction type Solar Cells
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Dynamic Photo Transistor
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Who invented Pinned Photodiode ?

Hagiwara at Sony invented Pinned Photodiode in 1975. The evidence is give by the three Japanese patent applications,
JPA1975-127646, JPA1975-127647 and JPA1975-134985. The first Pinned Photodiode was defined in October 23, 1975
as the N+NPNP triple junction( in Fig. 7 of JAP1975-127646) type and the N+NPN double junction type (in Fig. 7 of
JAP1975-127647) type photodiodes with the N+ type pinned surface and the P type buried photo charge storage

region with the complete charge transfer capability and the no-image-lag feature. The photo charge is transferred and
drained to the CCD/MOS type charge storage buffer memory quicky by the strong punch-thru action. The second
Pinned Photodiode was defined in November 10, 1975 as the PNP double junction (in Fig. 6 of JAP1975-134985) type
photodiode with the vertical overflow drain action also with the complete charge transfer capability and the no-image-
lag feature as evidence the empty potential well of the buried photo charge storage, completely depleted of the charge.
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Two Phase CCD with Narrow-Channel Transfer Regions
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with no image lag
CLOCK-T T :.:,.:_ ‘_z

. , gate voltage, (volt)
Fig. 4. Input and output wave forms for 242 analo; -5 0 5 10 15
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Fig. 1. Top and crosssectional views of the electrode
structure for two phase CCD with narrow-channel
transfer regions.

Fig. 3. The end sections of 242 element analog delay line.
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High—Density and High-Quality Frame Transfer
CCD Imager with Very Low Smear, Low Dark
Current, and Very High Blue Sensitivity
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Japanese Journal of Applied Physics, Volume 18 (1979) Supplement 18-1, pp. 335-340

A 380H x 488V CCD Imager
with Narrow Channel Transfer Gates

Yoshiaki Daimon-HAGIWARA, Motoaki ABe' and Chikao OxapA'

Sony Corporation Research Center, Yokohama 240
' Semiconductor Development Division, Yokohama 240
with no image lag
When the channel width of an FET becomes of the same order of magnitude as the
depth of the gate depletion region, an increase of threshold voltage is observed. This
narrow-channel effect has been applied successfully in creating an asymmetric potential
well under an electrode for two phase CCD operations. The feasibility of this new
structure has been confirmed in a 242 element analog delay line and the application is
now extended to a 380H x 488V CCD Imager. In the constructed B/W CCD camera,



Proceedings of the 10th Conference on Solid State Devices, Tokyo, 1978; With n 0 i m age Iag

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

A 380H x 488V CCD Imager

with Narrow Channel Transfer Gates Without Image Signal
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Single Junction Solar Cell

Double Junction Solar Cell

We can double the depletion width.
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Multi-junction Solar Cell, based on
JPA2020-131313 by Yoshiaki Hagiwara,

applied on Aug. 1, 2020.
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Multi-junction Solar Cell, based on
JPA2020-131313 by Yoshiaki Hagiwara,
applied on Aug. 1, 2020.
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Multi-junction Solar Cell, based on
JPA2020-131313 by Yoshiaki Hagiwara,
applied on Aug. 1, 2020.
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Multi-junction Pinned Photodiode type Solar Cell Structure, Cumpleta I}’ DEPI eted Muti-Junctions

based on Double Junction Solar Cell , defined in JPA2020-131313, applied Aug. 1, 2020
by Yoshiaki Hagiwara, Sept 12, 2022
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JPA1978-.

Floating N type
Surface region

\\VE

Vs

Floating
Surface
N type
Photo Charge

VVOD Storage Region

The N type Surface region is floating ( not Pinned ) .
The anti-blooming VOD does not function well because the N-type
surface will also be pulled down as the VOD voltage is pulled down deeper.



Single Junction Solar Cell

Double Junction Solar Cell

We can double the depletion width.
JPA2020-131313 file on Aug 1, 2020.

\ Pinned Empty Potential Well
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True History of Photodiode

The difference of Double and Single junction type Solar Cells
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We can double the depletion width.

JPA2020-131313 file on Aug 1, 2020.
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. . Single Junction Solar Cell
Multi-junction Solar Cell, based on & b —T+V> 0

JPA2020-131313 by Yoshiaki Hagiwara, Nl ey [Toad | "
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We can double the depletion width. |
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Multi-junction Pinned Photodiode

Multi-junction Pinned Photodiode type Solar Cell Structure, with Com P lete |y Dep leted of Photo Electron and Hole
based on Double Junction Solar Cell , defined in JPA2020-131313, applied Aug. 1, 2020
by Yoshiaki Hagiwara, Sept 12, 2022
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Multi-junction Pinned Photodiode

Multi-junction Pinned Photodiode type Solar Cell Structure, with Completely Depleted of Photo Electron and Hole

based on Double Junction Solar Cell , defined in JPA2020-131313, applied Aug. 1, 2020
by Yoshiaki Hagiwara, Sept 12, 2022
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https://en.wikipedia.org/wiki/Drift-field transistor- Wikipedia
Invented in 1953 by Herbert Kroemer
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ZRiFa o7 is off with no collector current.
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https://en.wikipedia.org/wiki/Drift-field transistor- Wikipedia

Invented in 1953 by Herbert Kroemer

The drift-field transistor, also called the
drift transistor or graded base transistor,
is a type of high-speed bipolar junction
transistor having a doping-engineered
electric field in the base to reduce the

charge carrier base transit time.

Invented by Herbert Kroemer at the Central
Bureau of Telecommunications Technology
of the German Postal Service, in 1953, it
continues to influence the design of modern
high-speed bipolar junction transistors.

Early drift transistors were made by
diffusing the base dopant in a way
that caused a higher doping
concentration near the emitter
reducing towards the collector.

VBase = 0
VEmitter = 0 Metal Vcollector >0

-+ [

Metal
L
E

LR B R B
B R RN NN
<
0
LA R R RN N

The N+ collector region
has very few holes.

Emitter
e- e-e-e-

-.-.-'-nnnlﬁ.-----.l
.

- W'"

>0
Base Vcollector

When Vbase > 0, the emitter-base
junction barrier VB gets lowered
and forward biased.

When no bias and Vbase = 0V, Collector
VB = EGg = 1.1 eV and the NPN Tr \
is off with no collector current.
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Back Surface Field Silicon Solar Cell
in vented by Wolf in 1963

*M. Wolf, Proc. IEEE, 51 (1963) 674

Solid-State Electronics

Volume 24, Issue 12, December 1981, Pages ——
1161-1165 -

Theory of back surface field silicon solar cells
S.R. Dhariwal, Arun P. Kulshreshtha
Abstract

Back surface field silicon solar cells with n*pp* (or Conventional N++NPP++ type Solar Cell

sometimes p*nn*) structures are found to have better

characteristics than the conventional solar cells. The Silicon dioxide on front
TS . i i "passivates" the surface and Heavy doping under contacts
existing theories have not been able to satisfactorily rediEsE SUTTaERTSECRbIF El5H T Jo A

. e A - o~ P . from high recombination front
predict the experimentally observed parameters on B e

these cells. A theory, based on the transport of both
minority and majority carriers under the charge

neutrality condition, has been developed in the
Heavy doping at rear of cell
keeps minority carriers (in this
case electrons) away from high
recombination rear contact

.7

https://www.sciencedirect.com/science/article/abs/pii/0038110181901854

present paper which explains the behavior of the back
surface field solar cells. Good agreement is achieved

between the results obtained by using this theory and

the experimental observations of earlier workers.

Rear Contact
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Back Surface Field Silicon Solar Cell @388
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Bending 1R %#FIAL T, Drift EREZWRTIEICL Y,
RAOBRBESEZMEL, XEBHIREZEHIFEZ BRELT-,

Cell RERTHRLE L 1- Carrier DA BIBEIHFADENEZBIT
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BEEL L TEEEIN:, ZTORBER. EBRFLEERFL
DEIDEREZEO L LEBEEZEDT-, TORZLDOHRE
Eick Y., N+PP+Z7-13P+NN+®DSingle #&8E D Solar
Cell DEBERLIFUHUENEAT, RETIE, Band Gap
DEREVHRICEZF—I7 a2 b LTERIN
LLEBRRTOEEREI /27 M LTREBEENATWLS,

*M. Wolf, Proc. IEEE, 51 (1963) 674

Volume 24, Issue 12, December 1981, Pages
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1161-1165 -

Theory of back surface field silicon solar cells

S.R. Dhariwal, Arun P. Kulshreshtha
Abstract

Back surface field silicon solar cells with n*pp* (or

Solid-State Electronics

sometimes p*nn'*) structures are found to have better
characteristics than the conventional solar cells. The
existing theories have not been able to satisfactorily
predict the experimentally observed parameters on
these cells. A theory, based on the transport of both
minority and majority carriers under the charge
neutrality condition, has been developed in the
present paper which explains the behavior of the back
surface field solar cells. Good agreement is achieved
between the results obtained by using this theory and

the experimental observations of earlier workers.
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BRURBTF. EHT RN —DNZLBEHDPLRBRFTH D,

https://www.sciencedirect.com/science/article/abs/pii/0038110181901854



https://www.sciencedirect.com/science/article/abs/pii/0038110181901854

JPA2020-131313 on Aug 1, 2020 Patent 6818208

(mmeyrrsrm) Wil 31/04

[ema)
((EMULWAR) M40 MNCAEN EEYF4 31 381
() BN AN

(M rvimA)

(M I2WA] M4 N LEEPF4 3 1 3
(Retes] &N AR

L . pOXX
(®ms) Nsw
(%MD 4] AWTWMERERR
(15 529F)

{ooo1])

ARARERTMEREARCEY, ECEARTALRERBRAI-ECARRTON
BELRMT L O3 AN—RARNLLBT L L I LAXAERENERRIER
T5,

1§13 31

{ooo2)
ERERELBMTLAN= AN L LTARERESAEA ST S, KHERT
S, NURRERRE PRERENRLBEBECAPNRFENL, XMHOELAR
WHFLEALE~Y, PNERAOTEEMMNITELOPNESN Y TRBIZL ) NUNNE
WAEH - PRURWERDEMIZ ORE ST, NAERENRO P NS L 2R e -,
PRRREMRO PNRS L MMABEOMIIXERNLE LIRS LI LA AR
BERERRIAMLND,

EIAT. AMADZ AN -FMIIE<, REREMTUE I LT L ANMLERY
CEWERL, —Oryn, KBESROBRIZL, SHRAORRAEOELIARSRE
Tho,

(ﬂ&#&l.k‘tl*'#llﬂléﬂﬂuNI!40!I€PI13.svlh.

HEPRRIORMEPRRSORME, ARNEY Y TARERMOP+MR2LP

+WRE THRANP+PNPP+RANT RIS, P+HR2ORMIILATMKS.,
W1OBEOATUES., P+RR6ORM-N 1 OBEEOATRE]I 025, NH
MAOEEHMOPRBIZERFRELHAON SR 1 &R, N+ 1 o8
W2OBBEONERE 1 22015, BIOBEOAERES, 10£ 77 FiZBRL
W2OBMONGREL 2577 FOMS, REEMNOSER30LERRTS,

Nn 2

@] . _\,_{él
\x 2 E{zi” :

Rnan i " 7 + amax

AR
” P el _° N =
PRt a Bt Sttt B e e e S et -
-V sz |+
- -y » . T T C o
Lo v L ames

. . S R > 'y

' ' Ve ¢ 9 ' .

P 25 e b

| S SR e R

3 . ¢ HELDIIAF=ALF ‘oo

. .o . . '

x . o T ’ .
At —d [N}

E k ] |w¢t ] r‘ :

L LI .

V| B I i

Py 3 o=t AMz

. . :
: : ¢

n

st 1
— ]

At AN
= %
--::\\ ? ﬂ { ﬂ
n 02 Al
(@5) »— <
m
L]
4 P » P g
"
LT LT T A/ 'b’;. ”m” s P
n 32
| S 4,
AC™ -




JPA2020-131313 on Aug 1, 2020 Patent 6818208

|, ”ﬂ"! ﬂ o~ 2

amns RN N
n- LUK §
(B5]) » ,““\\““\“\\\w

LY M/////, "
s ’,\

\\\ \ \\\\\‘a , R

L2
lm ' mmmm I m ur ' i mu L mu !

o 28 /1 2% HTAERAL
86 al®d W




JPA2020-131313 on Aug 1, 2020 Patent 6818208
a b




>
=

The P+P-N-P-P+ double junction type Solar Cell may have much higher efficiency

Photon wave length between 0.5 ym and
1.11 um may contribute to the solar cell
efficiency if we can control the side edge ?

Light

e

2.1
‘e 20 ForSilicon Crystal :
1.9 Photon energy less than 1.11 eV .
3, 9 : gy . Completely Depleted
E ~ 1.8 with the wave length . Buried N- Region with —
on %{) 1.7 longer than 1.12 um nght n Empty Pot%ntial Well -
— 1.6 cannot be converted to - -
- S 1.5 Electric Energy |:> _ - Light =>
J EEEEEEEEEEEEEESR | EEEEEEEEEEEEEESR
5 -~ :1134 . ight ——) "
> . n m
S8 12 . T :
o = " +
U 1'1 ..I..I.;.IIIIIIIIIIIIIIIIIIIIIII]'IL IiIIllIIIlIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII‘I‘I‘.‘
‘S 6 Lo 1.0 = 1 o
- | | ‘n"“
=2 gg %98 . Aph ~ = 103 =" | The P+P Barrier also
o 07 0.7 : 20 . e can contribute to
0.6 0..6 = the solar cell efficiency.
1 0.5 Aoh 95] = Incident Sun Light
A 0.4 PN g4 = ‘__,‘-" Silicon Penetration Depth (um) A pd —»
ph 0.3 IIIlIlIIIIIIIIIIIIIIIII:IIIIIIO.3
Relative Photon Power (=) 2 4 6 8 10 12 14 16 18

d(A on)



Triple Junction Solar Cell with Wide Band Gap Compound Semiconductors achieved ~39% Quantum Efficiency

Wide Band Semiconductor Medium Band Semiconductor Narrow Band Semiconductor

r+¢P§§NN1ﬁP§§thﬁP§ N NPL

InGaP (top) i (n)GaPAs(middle)  §  (n)GaAs (bottom) i
1 9%eV 5 1 43eV : 0 67eV :

Al RS : E A\ : g :
~39% achieved ] 2| Mt 1 [ . e nilia
A 1 3 rl : : ] = [ : E :
E E‘ ‘: /E Output Voltage = V1+V2+V3 Output Current = Min ( 11,12,13)
- x1 <% e x2 L

A pd=Light Penetration Depth in Si Crystal T
A ph=Photon Wave Length Aph ~ bl 0.3

Aph= 1.24 (um -+ eV) / Photon Energy (eV) 20

Sun Light has no photon of wave length Aph<0.3 um.

A | A— ‘

_ 703 1011 13 1.6 1.9 2.2 2.5
Y;_:(z Y3 Y4 y;_;e Photon Wave l"\ﬂh ( m) A ph —

0.3 112um

| Load |
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Wide Band Semiconductor Medium Band Semiconductor Narrow Band Semiconductor

Silicon ®Band Gap I 1.1 eV -
N1 N‘F’ P: Nh
InP ®Band Gap I 1.34 eV ._E"I,P I J | P | | +| : !
§ lnGaP “°P' E (lanaPAs (rmddle : "ﬂ’GCAS bottom :
GaAs MWBand Gap & 1.42eV : e L P il43ev : 10678V ?

CdTe ®Band Gap I 1.48 eV
GaN ®Band Gap & 3.4 eV
B -Ga203 ®Band Gap X 4.5 eV ]
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: (201086ACK. RENE 358 %ER3 InGIASARIBONRCADUL.
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2009%108228CRE. Triple BATELD, FRCAETHOL.

EFR—NDRTIZNER L DBEIND, ouput Voltage - Vi+v2:v3 2O InGaAs ARRBIATRRCARZNEY, <0 Tripkel# AL,
PESEHN. SOBBME Lo TV E T, Outost Current = Min (111213 TIRTHANBARER (158 CRRERYBS.
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Ps= 2wh/c f vdv/[ exp(hv/kT,)—1]
0
E,=h,=qV, W ~.

Qs = (21r/c2)f [exp(hv/kTs)—1]"vdy . \
vg [Best uxptrim'lnhi'\

s efficiency for
o0
(hw,) (2m/) f Cexp(hv/kT.)— 1]-¥d
Yo
F1c. 1. Comparison of the ‘‘semiempirical limit” of efficiency
of solar cells with the “detailed balance limit,” derived in this

paper. + represents the “best experiment efficiency to date” for

hy, )Qs
(Solar Cell Efficiency ) ~( - ) =
Ps %

21r/1/62f vdv/[ exp(hv/kT)—1]

0 silicon cells. (See footnote 6.)
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Detailed Balance Limit of Efficiency of p-n Junction Solar Cells*

WiLLiAM SHOCKLEY AND HANs J. QUEISSER
Shockley Transistor, Unit of Clevite Transistor, Palo Allo, California
(Received May 3, 1960; in final form October 31, 1960)

In order to find an upper theoretical limit for the efficiency of p-n junction solar energy converters, a
limiting efficiency, called the defailed balance limit of efficiency, has been calculated for an ideal case in which
the enly recombination mechanism of hole-electron pairs is radiative as required by the principle of detailed
balance. The efficiency is also calculated for the case in which radiative recombination is only a fixed frac-
tion f. of the total recombination, the rest being nonradiative. Efficiencies at the matched loads have been
calculated with band gap and f. as parameters, the sun and cell being assumed to be blackbodies with tem-
peratures of 6000°K and 300°K, respectively. The maximum efficiency is found to be 309 for an energy gap

of 1.1 evand f.=1. Actual junctions do not obey the predicted current-voltage relationship, and reasons for
the difference and its relevance to efficiency are discussed.
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{,=the probability that a photon with > E,
incident on the surface will produce a hole-
electron pair. (1.6)

For the detailed balance efficiency limit to be reached,
t, must be unity.

These variables are: the temperature of the sun 7T,

kT, =qV,; (1.1)
the temperature of the solar cell T,
kT ,=gV.; (1.2)
and the energy gap E,,
E;,=hv,=qV,, (1.3)

where % is Boltzmann’s constant, g=[g| is the elec-
tronic charge, and % is Planck’s constant. The effici-
ency is found to involve only the two ratios

vy=E,/kT, (1.4)
xe=Tc/T.. (1.5)

F1G. 1. Comparison of the "'semiempirical limit"” of efficiency

of solar cells with the “detailed balance limit,” derived in this
paper. + represents the “best experiment efficiency to date” for

silicon cells. (See footnote 6.)

Each photon with energy greater than
hv, produces one electronic charge ¢ at

a voltage of V,=hv,/q. (2.1)
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The number of photons incident from the solar
radiation in Fig. 2 is readily calculated in accordance
with the formulas of the Planck distribution. We de-

u Detoiled Balance note by (J, the number of quanta of frequency greater
l‘ Limit than », incident per unit area per unit time for black-
20k - body radiation of temperature T,. For later purposes

we shall also introduce the symbol Q(v,,T,) in order to
be able to represent situations for different values of
the limiting frequency. In accordance with this nota-
tion and well-known formulas, we have

f N

I+ N
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j afficiency for N

1O / Si-cells » )
% w
! | \ | 0=00,r)=n/e) [ [ewlo/kT)~11%ds
i Semi-Empirical vy
Limit
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xq Ty
F1G. 1. Comparison of the "'semiempirical limit"” of efficiency _
of solar cells with the “detailed balance limit,” derived in this Each photon with energy greater than
paper. + represents the “best experiment efficiency to date” for hvy produces one electronic charge ¢ at

silicon cells. (See footnote 6.) a voltage of V,=hvs/q. (2.1)



V‘_ [w;"] P, 1s the total energy density falling upon unit area in

0 1.0 z‘_ﬂ §ID 4.0 unit time for blackbody radiation at temperature T,.
[%] - In accordance with well-known formulas for the Planck
distribution, P, is given by
30+ - -
P3=21rk/c3f vidv/[exp(hv/kT,)—1]
0
i Detailed Balance
Limit m
r = 2n (KT I f B (er—1)
n 29 ' ”
! .F, + N | = 2x%(kT,)"/15h%. (2.6)
'!Brf*' i““ﬂ;m Hhx
ciency for
10 ,-I :;i-lurr; Y N - In accordance with the above definitions, the ulti-
/! \ mate efficiency is a function only of x, and is
- Semi-Empirical :
lmir (%) = hvoQu/ Ps .
0 : : ‘ . . . : =[:t'f xidx/’(ﬁj—l}]/f o¥dx/(ec—1). (2.8)
0 2 4 6 s, :
Xq
F1G. 1. Comparison of the "'semiempirical limit"” of efficiency _
of solar cells with the “detailed balance limit,” derived in this Each photon with energy greater than
paper. + represents the “best experiment efficiency to date” for hvy produces ome electronic charge ¢ at

silicon cells. (See footnote 6.) a voltage of V,=hvs/q. (2.1)
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of solar cells with the “detailed balance limit,” derived in this

paper. + represents the “best experiment efficiency to date” for

hy, )Qs
(Solar Cell Efficiency ) ~( - ) =
Ps %

21r/1/62f vdv/[ exp(hv/kT)—1]

0 silicon cells. (See footnote 6.)
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Who invented Pinned Photodiode ?

Hagiwara at Sony invented Pinned Photodiode in 1975. The evidence is give by the three Japanese patent applications,
JPA1975-127646, JPA1975-127647 and JPA1975-134985. The first Pinned Photodiode was defined in October 23, 1975
as the N+NPNP triple junction( in Fig. 7 of JAP1975-127646) type and the N+NPN double junction type ( in Fig. 7 of
JAP1975-127647) type photodiodes with the N+ type pinned surface and the P type buried photo charge storage

region with the complete charge transfer capability and the no-image-lag feature. The photo charge is transferred and
drained to the CCD/MOS type charge storage buffer memory quicky by the strong punch-thru action. The second
Pinned Photodiode was defined in November 10, 1975 as the PNP double junction ( in Fig. 6 of JAP1975-134985) type
photodiode with the vertical overflow drain action also with the complete charge transfer capability and the no-image-
lag feature as evidence the empty potential well of the buried photo charge storage, completely depleted of the charge.

N AN
II:I:I:I: ICEEDE = o

. S < ¥ :
- -’/’ ‘1} | aftm » ’
- K‘J | s R K.
JPA1975-127646 Fig.7 JPA1975-127647 Fig. 7

JPA1975-134985 Fig. 6
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Triple Junction Solar Cell with Wide Band Gap Compound Semiconductors achieved ~39% Quantum Efficiency
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The P+P-N-P-P+ double junction type Solar Cell may have much higher efficiency

Photon wave length between 0.5 ym and
1.11 um may contribute to the solar cell
efficiency if we can control the side edge ?
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The P+P-N-P-P+ double junction type Solar Cell may have much higher efficiency

Photon wave length between 0.5 ygm and
1.11 x m may contribute to the solar cell
efficiency if we can control the side edge ?
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The P+P-N-P-P+ double junction type Solar Cell may have much higher efficiency

Photon wave length between 0.5 um and
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efficiency if we can control the side edge ?
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Triple Junction Solar Cell with Wide Band Gap Compound Semiconductors achieved ~39% Quantum Efficiency
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Arthur H. Compton (1892~1962), while at Washington University at St. Louis found that x-rays increase
in wave length when scattered, which he explained in 1923 on the basis of the quantum theory of light.
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Arthur H. Compton (1892~1962), while at Washington University at St. Louis found that x-rays increase
in wave length when scattered, which he explained in 1923 on the basis of the quantum theory of light.
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True History of Photodiode

(1) Single Junction Type Dynamic Photodiode before 1970

¢ Voe 2
eSS %\7 lds(t)=lo ( Vs — Vch)

v lml - ’ Qsig(t) = Qo exp (—t/T)
Vd‘?f'? """"" LW? Vd

v - el E
s tm - ; Image Lag

Small and Slow Current Flow

. » —— 'ds
Vchlm Vd

Image Lag (1) Single ESBIIEEH KRBER - 7=,

tirmu

- Serious Image Lag of Floating N+P Single Junction Photodiode.



True History of Photodiode

(2) CCD/MOSEBER I EKE LEERBEARMBZEIKMET - 1=

(2) CCD/Mos type dynamic Photodiode invented in 1970

ICX-008

ANA 747 Jumbo jet 4 ILT CCD Chips

ICX-008 Sony ILT CCD Image Sensor Structure

CTG  ccp/mos
Photo Capacitor

XC-1 1980 Model

SONY 1980 Two-chip CCD Color Video Camera XC-1.



True History of Photodiode
(3) Double IE&E I, ROGEEICKDIABREIVELEF v v X —REFPARA LT,

(3) Double Junction type Dynamic Photodiode invented by Philips in June 9, 1975
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True History of Photodiode

(4) Triple Junction type Dynamic Photodiode with the pinned surface invented by Sony in Oct 23, 1975.

Japanese Patent 1975-127646
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True Historv of Photodiode

First Pinned Photodiode was invented by Hagiwara in 1975 and reported at SSDM1978 by Sony.

Sony never used LOCOS isolation nor Shallow Trench Isolation. Both suffer the yield problem of Dark
Current and White Defects. Instead, Sony used high energy ion implantation to form the adjacent heavily
doped P+ channel stops region with the Lamp Anneal Technology invented by Kazuo Nishiyama at Sony.

(1) The first Pinned Photodiode with the adjacent (2) Pinned Photodlode wuth the adjacent P+ channel stops

P+ channel stops and no LOCOS isolation and as explained by ssis.or.jp in
invented and reported at SSDM1978 by Hagiwara. the official Semiconductor History Museum WEB site.
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(3) Buried Photodiode reported (4) Pinned Photodiode reported (5) Pinned Photodiode reported

at IEDM1982 by NEC at IEDM1984 by KODAK by Teranishi in 2014
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Sony Pinned Photodiode has the adjacent P+ heavily doped channel stops always directly grounded to
the metal wire at the surface since 1978. Sony never used LOCOS isolation nor Shallow Trench Isolation.



The First Pinned Photodiode was invented by Hagiwara at Sony in 1975

in order to realize the in-pixel electric shutter function. The evidence is

given in the Japanese patent application JPA1975-127646, which defined

the pinned-surface triple-junction dynamic-thyristor type Pinned Photodiode.

The evidence are given in the Japanese Patent Applications,
JPA1975-127646, JPA1975-127646 and JPA1975-134985.
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PPD with in-pixel VOD function was drawn in Hagiwara Lab Note in Feb 1975.



True History of Photodiode

The difference of Double and Single junction type Solar Cells
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True History of Photodiode

(1) Single Junction Type Dynamic Photodiode before 1970

(2) CCD/Mos type dynamic Photodiode invented in 1970
(3) Double Junction type Dynamic Photodiode invented by Philips in June 6, 1975

(4) Triple Junction type Dynamic Photodiode with the pinned surface invented by Sony in Oct 23, 1975.
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True History of Photodiode

(1) Single Junction Type Dynamic Photodiode before 1970

(2) CCD/Mos type dynamic Photodiode invented in 1970

(3) Double Junction type Dynamic Photodiode invented by Philips in June 6, 1975

(4) Triple Junction type Dynamic Photodiode with the pinned surface invented by Sony in Oct 23, 1975.

ICX-008 Sony ILT CCD Image Sensor Structure

,.

ICX-008
ILT CCD Chips

Photo Capacitor
Psub

XC-1 1980 Model

—————— —

SONY 1980 Two-chip CCD Color Video Camera XC-1.



True History of Photodiode

(1) Single Junction Type Dynamic Photodiode before 1970

(2) CCD/Mos type dynamic Photodiode invented in 1970

(3) Double Junction type Dynamic Photodiode invented by Philips in June 9, 1975

(4) Triple Junction type Dynamic Photodiode with the pinned surface‘invented by Sony in Oct 23, 1975.
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True History of Photodiode

(1) Single Junction Type Dynamic Photodiode before 1970
(2) CCD/Mos type dynamic Photodiode invented in 1970
(3) Double Junction type Dynamic Photodiode invented by Philips in June 6, 1975

(4) Triple Junction type Dynamic Photodiode with the pinned surface invented by Sony in Oct 23, 1975.

N+NP+NP junction type Buried Pinned Photodiode

with Built-in MOS Capacitor Buffer Memory Global Shutter Function Japa nese Patent 1975-134985
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Comparison of Sony 1978, NEC 1952 and Kodak 1984 Photodiodes.

Pinned Photodiode SONY ?SDM1978 Paper Serious Image Lag Problem
Pinned Surface P+ region
Kacn P NEC IEDM1982 Paper
Flmng P:O ¢ v=-CCO
"‘Lm& —
-------- ———— No Adjacent | % N
Psub P+ Channel’ p*
l S = 3\
P+ Channel Stops and no Image Lag Problem | N
Buried Photodiode LOCOS

P+ Channel Pinned Photodiode

Floating Surface P+ region

Stops -
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p- Substrote

SONY 1987 HAD Sensor ~ KODAK IEDM1984 Paper




Historical Developmentis of Five tvpes of Basic Photo Sensors Structures.

Triple Junction Pinned Photodiode on Substrate
JPA1975-1349c§g) by Hagiwara at Sony

wa

Pwell

Vsub

) Floating Surface Double Junction Photodiode
JPA1978-1971 by Yamada at Toshiba

Flagting Surface Double Junction Photodiode
f— — JP1980-138026 by Teranishi et al at NEC

N#PFloating  CCOMOS Buried Pinned Hole T
Photodiode  Photo Capacitor  Photodiode  Photodiode ~ Accumulation
(FPD) (CCD) (BPD) (PPD) Diode (HAD)

before 1970 invented in 1970 inventedin 1975  invented in 1975 invented in 1975 Light



Who invented Pinned Photodiode ?

Hagiwara at Sony invented Pinned Photodiode in 1975. The evidence is give by the three Japanese patent applications,
JPA1975-127646, JPA1975-127647 and JPA1975-134985. The first Pinned Photodiode was defined in October 23, 1975
as the N+NPNP triple junction( in Fig. 7 of JAP1975-127646) type and the N+NPN double junction type (in Fig. 7 of
JAP1975-127647) type photodiodes with the N+ type pinned surface and the P type buried photo charge storage

region with the complete charge transfer capability and the no-image-lag feature. The photo charge is transferred and
drained to the CCD/MOS type charge storage buffer memory quicky by the strong punch-thru action. The second
Pinned Photodiode was defined in November 10, 1975 as the PNP double junction (in Fig. 6 of JAP1975-134985) type
photodiode with the vertical overflow drain action also with the complete charge transfer capability and the no-image-
lag feature as evidence the empty potential well of the buried photo charge storage, completely depleted of the charge.

voD ND
jossom Jo [ajoe
=3

. = - P s & @

JPA1975-127646 Fig. 7 JPA1975-127647 Fig. 7

JPA1975-134985 Fig. 6



Who invented Electric Shutter ?

Hagiwara at Sony invented Electric Shutter in October 23, 1975. The evidence is give and explained in Fig. 7 of the
Japanese patent application, JPA1975-127646, in which the first Electric Shutter function was defined. The photo
charge is transferred and drained to the in-pixel buried channel type vertical overflow drain (VOD) region, which is
defined as the buried channel region of the buried channel type CCD/MOS buffer memory capacitor. The three-
voltage-level clocking scheme (Clock C and D) of the first Electric Shutter Function mode was defined in Fig. 7 of
JPA1975-127646, using the strong punch-thru action mode between the buried P type photo charge storage region
and the P-type in-pixel vertical overflow drain (VOD) region. The strong draining gate clock D voltage as shown by
creates the very deep potential well in the in-pixel P-type buried vertical overflow drain (VOD) region in case of

Fig. 7 of JPA1975-127646 while the strong draining gate clock C voltage creates the very deep potential well in the
in-pixel surface N-type inverted region in case of Fig 7 of JPA1975- 12?(:‘;4!1?r Hagiwara at Sony invented in 1975

—. IElP"'"l }" l_ the first Electric Shutter Function.

s @ . 1'-? i w.. 10 achieve the complete Electric
[] r— d Shutter function, the surface of

. /7= the photodiode must be pinned
e 7 W | and fixed by the external constant
-~—ii N voltage with the zero resistance.
/‘j The first Pinned Photodiode was
£ Y invented by Hagiwara in 1975 to

JPA1975-127646 Fig. 7 JPA1975-127647 Fig. 7 achieve the electric shutter function.



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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Japanese Patent 1975-127647
N+NP+N junction Dynamic Photo Transistor type Buried Pinned Photodiode
with Built-in MOS Capacitor Buffer Memory Global Shutter Function
and the surface N+N doping slope Rarrier Electric Filed Photo Pair Generation
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PNPN junction Transistor type Pinned Photodiode

Visit https://www.j-platpat.inpit.go.jp/ and put the patent number 1975-13498S5

. File 1975-134985 Filed 1975/11/10 | 7 Japanese Patent 1975-134985
Public 1975.058414 Public 1977/05/13 | Hole Accismulstion Diode (HAD) |
- Grant 1983/10/19 / Fi 6 5
- Pinneas
Patent Claim in Em!lsh Translation B » Seurfece
. Potential
(1) In the semiconductor substrate (Nsub), the TetR 3 [
first region( P well ) of the first impurity type is A VOD Lighwt
formed, (2) on which, the second region (N ) UP [ Fromt Side | s Dowmn | Back Side )
of the second impurity type is formed. (3) The Case(1)
charge (e-) from the light collecting part (N)is  ¢,,;,.erate VoD w [P
is transferred to the adjacent charge transfer type y Junction
device (CTD). (4) Both are placed along the main [ Junction Pinmed Empty ,
surface of the semiconductor substrate. (5) In the N e o

solid stare image sensor so defined, a rectifying
Emitter junction (Je )is formed on the second
region (N) of the light collecting part (N). And
(6) Collector junction (Jc )is formed by the
second region (N) and the first region (P well),
forming a ( PNP ) transistor structure, (7) Photo
charge is stored in the Base (N) according to
illuminated light intensity and transferred to
the adjacent CTD. The solid state image sensor
so defined is in the scope of this patent claim.

Fig.6 shows that this is also the invention of
the in pixel VOD ( vertical overflow drain).
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Electrostatic and Dynamic Analysis of P+PNP Double Junction Type and P+PNPN Triple Junction Type Pinned Photodiodes
Yoshiaki Hagiwara

Artificial Intelligent Partner System (AIPS), AIP LAB, Atsugi City, Japan

Abstract: This paper explains the device structure and operation of image sensors and solar cells. Both are semiconductor
devices operating with the same physical principle of detecting photons. A high efficiency of the photon to electron energy
conversion is very much desired in both devices. Image sensors now use a very advanced and scaled down CMOS fabrication
process technology to achieve high performance features such as the excellent short wave blue light sensitivity for good color
reproduction, the low noise and the no image lag picture quality for filmless and mechanical free action cameras. On the other
hand, solar cells are still now built with the primitive floating N+P single junction type photodiode to minimize the fabrication
process cost but with very low energy conversion efficiency of about 20%. It 1s explained in details that the depletion region of
the PN junction is not the only place where we can achieve photo electron and hole pair separations effectively. The short-wave
blue light has only 1000 A silicon crystal penetration depth. The pinned surface P+P Gaussian doping profile has a very important
role to achieve a better photon to energy conversion efficiency, especially for the short-wave blue light. Electrostatic and
dynamic behaviors of Pinned Surface P+PNP Double Junction type Dynamic Photo Transistor and Pinned Surface P+PNPN
Triple Junction type Dynamic Photo Thyristor are analyzed in details. Both of them are shown to be expected to have much
excellent photon-to-electron energy conversion efficiency.

Keywords: Pinned Buried Photodiode, Double Junction Dynamic Photo Transistor, Triple Junction Dynamic Photo Thyristor,
Empty Potential Well, Rotary Shutter, Global Shutter, Surface Barrier Potential, Double Junction Type Solar Cell



Exact Numerical Computer Simulation of Charge Transfer Action
in Buried Channel CCD presented in ISSCC1974 by Yoshiaki Daimon-Hagiwara
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for details see the PhD Thesis by Yoshiaki Daimon-Hagiwara on June 1975 from Caltech.

Caltech_1975_PhD_Thesis_Yoshiaki_Daimon_Hagihara.pdf



https://202011282002569657330.onamaeweb.jp/AIPS_Library/Caltech_1975_PhD_Thesis_Yoshiaki_Daimon_Hagihara.pdf

Exact Numerical Computer Simulation of Charge Transfer Action
in Buried Channel CCD presented in ISSCC1974 by Yoshiaki Daimon-Hagiwara
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for details see the PhD Thesis by Yoshiaki Daimon-Hagiwara on June 1975 from Caltech.

Caltech 1975 PhD Thesis Yoshiaki Daimon Hagih

Prof. James McCaldin and Hagiwara

at ISSCC1974, in Philadelphia, USA

Prof. C. A. Mead
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Arthur H. Compton (1892~1962), while at Washington University at St. Louis found that x-rays increase
in wave length when scattered, which he explained in 1923 on the basis of the quantum theory of light.
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Arthur H. Compton (1892~1962), while at Washington University at St. Louis found that x-rays increase
in wave length when scattered, which he explained in 1923 on the basis of the quantum theory of light.
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Arthur H. Compton (1892~1962), while at Washington University at St. Louis found that x-rays increase
in wave length when scattered, which he explained in 1923 on the basis of the quantum theory of light.
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Arthur H. Compton (1892~1962), while at Washington University at St. Louis found that x-rays increase

in wave length when scattered, which he explained in 1923 on the basis of the quantum theory of light.
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Arthur H. Compton (1892~1962), while at Washington University at St. Louis found that x-rays increase
in wave length when scattered, which he explained in 1923 on the basis of the quantum theory of light.
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Arthur H. Compton (1892~1962), while at Washington University at St. Louis found that x-rays increase
in wave length when scattered, which he explained in 1923 on the basis of the quantum theory of light.
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SONY- FairchiIdPatent War (1991-2000) on Pinned Photo Diode with Vertical OFD Hagiwara also proposed the thyristor type punch-thru clocking scheme,
SERvug L $ ; . synchronized with the TV scanning system to achieve the electric shutter.
% ~EZ B ! g s
j =
§ - : ; }é S F HAD¥E ¥ Electric Shutter Basic Patent Award
: - ] > g reors from Sony President Idei to Yoshiaki Hagiwara
= > g = ; 2 9 g HAD (Hole Accumulation Diede for Japanese Patent 1977-126885 by Haglwara
2B D { EgC REER. & /o v r PR —
i ig; 2 Tgl"gé-;g IR HAD Sensor O 2L A192Y 1975-134985 ) i
& ¥ = W oor ¥ 3 1

R vorS OB AN 1977126885 50k -y
o1z m

From Japanese News Paper, July 16, 1996.
1996 £ 7 B B P ITRFMEE, S
(2000 4 | AKEBAS I TRERE Y = —BIF)
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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Electric Shutter Mode

Color Fliter”

1975-134985 Sony HAD = VOD + PPD
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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

PN BEIORCIRRY | FEA NN ST

ROHALADENIOT | SPOMES CHNBLENY

WO TRSACEIR COOOR-) FRERE

DIERWARON0 | 7SN - -0R

RTARHASSHND | [SHORBIRSOH% |

SONY 1975-134985 Japanese Patent officially, Four Japanese Patent Applications on Pinned Photodiode with Electric Shutter Function and the
000N the First Patent Award from Mr. Ando, in-Pixel Global Shutter MOS/CQD B'uffer Memory Function for Modern CMOS Image Sensors.
RPEEEREN Sony president in April, 2001 after more Japanese Patent Application JPA1975-127646
26 years of struggles since his invention. Japanese Patent Application JPA1975-127647
Dynamic Photo Transistor Operation
1 88 PrZ)posed by Hagiwara at Sor:)yin 1975 Japanese Patent Application JPA1975-134985
P e *jf;hf Japanese Patent Application JPA1977-126885
W RI219101 8 K X The first Pinned Photodiode papers in 1977 and 1978 by Hagiwara at Sony
- " P1977 Narrow_Cahnnel Transfer _Gate CCD_SSDM1977 Paper_by Hagiwara.pdf"
oy i Collector, " ight Hagiwara_SSDM1978 Paper_on_Pinned_Buried_Photodiode.pdf
Hnem 4 rh s LE [y
RNETMT B o, BackUght it liies Five Recently Published Papers by Hagiwara(AIPS)
5 yon ' ub W’”"“‘“"h Complete . R
"-.:.‘...," Y i — s i P2019 3DIC2019 Paper on_3D Pinned Photodiode 6_pages.pdf
' ST e | chae EDTM2020 Conference Paper_ID_3C4 by Hagiwara(PDF)
z-mnw se—s ———3" 10 Wi B I1JSSM2021 e-Journal Paper on Pinned Photodiode.html
".'-ﬁ ,z.;»' -2 Fvo:r Light Wafer Front Side . posn ICECET2021 PaDel‘Gl.pdf
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Detailed Balance Limit of Efficiency of p-n Junction Solar Cells*
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In order to find an upper theoretical limit for the efficiency of p-n junction solar energy converters, a
limiting efficiency, called the detailed balance limit of efficiency, has been calculated for an ideal case in which
the enly recombination mechanism of hole-electron pairs is radiative as required by the principle of detailed
balance. The efficiency is also calculated for the case in which radiative recombination is only a fixed frac-
tion f, of the total recombination, the rest being nonradiative. Efficiencies at the matched loads have been
calculated with band gap and f. as parameters, the sun and cell being assumed to be blackbodies with tem-
peratures of 6000°K and 300°K, respectively. The maximum efficiency is found to be 309 for an energy gap

of 1.1 evand f.=1. Actual junctions do not obey the predicted current-voltage relationship, and reasons for
the difference and its relevance to eficiency are discussed.
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F1c. 1. Comparison of the “‘semiempirical limit” of efficiency
of solar cells with the ‘““detailed balance limit,” derived in this
paper. + represents the “best experiment efficiency to date” for
silicon cells. (See footnote 6.)
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The P+P-N-P-P+ double junction type Solar Cell may have much higher efficiency

Photon wave length between 0.5 um and
1.11 xm may contribute to the solar cell
efficiency if we can control the side edge ?
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For Single Junction type Solar Cell with the floating N+ surface photo charge storage region,
only the wave length between Y1(um) and Y2(u m) can contribute to the Efficiency.
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For Single Junction type Solar Cell with the floating N+ surface photo charge storage region,
only the wave length between Y1(um) and Y2(u m) can contribute to the Efficiency.

Light Light
A=Y1(um) A=Y2(um)

Only Narrow Range AY LPD (pm )
contributes to
mg Solar Cell Efficiency 100 = Light Penetration Depth
. 0
; l * ' Si
e EREN) Y. T I
2 : : snnnn)q GG///
o : E Gip e ! s Bhesssssssssnssmsnsinsnafuns X2 (” m)
6 .
" = |
AN R |
¢ % ) X
[ g AY Silicon
2 - B Crystal
= v2) |
- Penetration
Depth




KB RDELENTDRT

TRPRIE, EHINZLGEHRHIBRNTE ZABAOERAGSL. PNEAORZEALKTO
BIRE|BTREVET, YVAVBR TR, BRHYN0.29umH 5 1.20um FZTOXKBEAERRTE
%¥7. Single PN AR TOZTBWRORFIERIEIL 28% TT. REICII20%EETT. Z0D
BRR(LDZAATORFPQQ)ZARAFTESPC)IPNESHZZBATORRARMBICL 52BKES
PARABRALENEL, ABTRINAABFLF—LORTHBESLERICLEZIBTT,

Wide Band Semiconductor Medium Band Semiconductor Narrow Band Semiconductor

Silicon ®Band Gap I 1.1 eV -
N1 N‘F’ P: Nh
InP ®Band Gap I 1.34 eV ._E"I,P I J | P | | +| : !
§ lnGaP “°P' E (lanaPAs (rmddle : "ﬂ’GCAS bottom :
GaAs MWBand Gap & 1.42eV : e L P il43ev : 10678V ?

CdTe ®Band Gap I 1.48 eV
GaN ®Band Gap & 3.4 eV
B -Ga203 ®Band Gap X 4.5 eV ]
/<Y PRADGET SPNERORENR | P E

: (201086ACK. RENE 358 %ER3 InGIASARIBONRCADUL.

REBATOHR, ABERICIIAESF
2009%108228CRE. Triple BATELD, FRCAETHOL.

EFR—NDRTIZNER L DBEIND, ouput Voltage - Vi+v2:v3 2O InGaAs ARRBIATRRCARZNEY, <0 Tripkel# AL,
PESEHN. SOBBME Lo TV E T, Outost Current = Min (111213 TIRTHANBARER (158 CRRERYBS.




Triple Junction Solar Cell with Wide Band Gap Compound Semiconductors achieved ~39% Quantum Efficiency
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Difference of Floating Surface PNP 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.
. Perfect Pinned Photodiode cIG

Not Pinned Photodiode Vpin cro

(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

Not Pinned Photodiode kd Pinned Photodiode Ed




History of Semiconductor Devices
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with Back Light lllumination and Global Shutter Function

Hagiwara 1975 patents showed Features of No Image Lag ,

Empty Potential Well and Complete Charge Transfer
of the double junction Pinned Buried Photodiodes.

(a) Pinned Photodiode defined (b) Pinned Photodiode defined

in Fig. 7 of JPA1975-127647 in Fig. 5 and 6 of JPA1975-134985
miE Metal Contact lsgpﬂo;ul
g9 o i'n" Pinned WIE {g ll!ay'zaar
, i

Fig. 5 pifLY P

ko3l 7
Fig. 6A

weM Plnned
A

: Fig. 6B
Cérhplete Qharge Transfev B
i with no Image Lag

i Empty Potential Well

-

‘.

llgh!

NEC IEDM1982 paper was not Pinned Photodiode by definition.

Difference of Buried Photodiode and Pinned Photodiode

Figure 5 does not have the P+ channel stop nearby.
Buried Photodiode
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NEC IEDM1982 Paper reported Image Lag

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




Caltech 1975 PhD Thesis Yoshiaki Daimon Hagihara.pdf

Exact Numerical Computer Simulation of Charge Transfer Action
in Buried Channel CCD presented in ISSCC1974 by Yoshiaki Daimon-Hagiwara
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for details see the PhD Thesis by Yoshiaki Daimon-Hagiwara on June 1975 from Caltech.

The first Pinned Photodiode papers in 1977 and 1978 by Hagiwara at Sony

P1977 Narrow_Cahnnel Transfer Gate CCD SSDM1977 Paper by Hagiwara.pdf"
Hagiwara SSDM1978 Paper on_Pinned Buried Photodiode.pdf

Five Recently Published Papers
ICECET2021 Paper75.pdf

ICECET2021 Paper61.pdf
I1JSSM2021 e-Journal Paper on Pinned Photodiode.html
EDTM2020 Conference Paper ID 3C4 by Hagiwara(PDF)

P2019 3DIC2019 Paper_on_3D_ Pinned Photodiode 6 pages.pdf

My PhD thesis paper
on buried channel CCD
at ISSCC1974, in Philadelphia, USA
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'''''''''''''''''' : Prof. C. A. Mead
Four Japanese Patent Applications on Pinned Photodiode
with Electric Shutter Function and also with the in-Pixel
Global Shutter MOS/CCD Buffer Memory
for Modern Back Light CMOS Image Sensors. Function

Japanese Patent Application JPA1975-127646
Japanese Patent Application JPA1975-127647
Japanese Patent Application JPA1975-134985
Japanese Patent Application JPA1977-126885

Prof. James McCaldin and Hagiwara
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https://202011282002569657330.onamaeweb.jp/AIPS_Library/5_JP1975-134985_PNP_double_junction_Pinned_Photodiode_on_Nsub_Patent_7_pages.pdf
https://202011282002569657330.onamaeweb.jp/AIPS_Library/3_JP1975-127646_NPNP_triple_junction_Pinned_Photodiode_Patent_32_pages.pdf
https://202011282002569657330.onamaeweb.jp/AIPS_Library/4_JP1975-127647_NPN_double_junction_Pinned_Photodiode_Patent_22_pages.pdf
https://202011282002569657330.onamaeweb.jp/AIPS_Library/6_JP1977-126885_Elecric_Shutter_Clocking_Scheme_by_OFD_Punch_Thru_Action_13_pages.pdf

https://pc.watch.impress.co.jp/docs/column/semicon/1220487.html
Band Gap of Diamondis ~ 5 eV
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True History of Photodiode

The difference of Double and Single junction type Solar Cells

P+PNPP+ jJunction type
Dynamic Photo Transistor

s S / O
Short-wave \ w":«y mghlsau c.g E‘"lclooey"oﬂ / / /
blue Light o- M":.ul.ﬂoeombu::!loﬂ = @
cannot N by Empty Potential Well
penetrate -

:»:::.«.-..«’»«-« [11]

helps M Wave \
Photo Pair ‘,,.,.“.,, Low Solar Cell Efficiency
\\\ by Photo Pairs Recombination

into the deep The Pinned Surface
P+ P Barrier Potential
silicon crystal ~ peips Short Wave
Photo Pair Separa

i ’ o-0- o - e- e-
: : House Line :
Conduction B:?nci: Bending ["n || —— — WY
ha S N 1 \ N + Floating Storage Rodon'
- Completely = Floating Surface N+ Region
: Depleted with Surface Recombination
Valence Band Bendmg / N- Region Pinned Back Pinned Back
Light P+ N- P- P+! Surface Light N+ P- P+ Surface
Pinned Front Floating
Surface 'L\ L,_.vm = N+ Surface V!wt . b
The surface P+P Barrier Potential Double Junction type Solar Cell Single Junction type Solar Cell

helps electron-hole pair separations.
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Basic Structure of Image Sensors
<1> Photo Electron Conversion Device (PECD) functioning as the human eye retina cells.

(A) N+P junction Photodiode with Poor Quantum Efficiency (QE) and Serious Image Lag Problems
(B) P+NP junction Pinned Photodiode with High QE, Low Surface Dark Current, and no Image Lag
(C) P+NPNsub junction Hole Accumulation Diode (HAD) with Vertical Overflow Drain (VOD) function

<2> Charge Transfer Device (CTD) transferring the signal charge to the output circuits.

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

Human Eye Ball
Photo Detector + Charge Transfer Device (CTD)

o Retina Col Photodiode

v

',r\‘r"‘ y ~

Human Brain
IMemory‘ I CPU I

Retina Cell (Photodiode ) <3>
ttron Collecting Device (PECD)
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Hagiwara invented PNP junction type PPD in 1975 with
(1) blue light 100% QE, (2) No Surface Dark Current and
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Who invented Pinned Photodiode ?

Hagiwara at Sony invented Pinned Photodiode in 1975. The evidence is give by the three Japanese patent applications,
JPA1975-127646, JPA1975-127647 and JPA1975-134985. The first Pinned Photodiode was defined in October 23, 1975
as the N+NPNP triple junction( in Fig. 7 of JAP1975-127646) type and the N+NPN double junction type (in Fig. 7 of
JAP1975-127647) type photodiodes with the N+ type pinned surface and the P type buried photo charge storage

region with the complete charge transfer capability and the no-image-lag feature. The photo charge is transferred and
drained to the CCD/MOS type charge storage buffer memory quicky by the strong punch-thru action. The second
Pinned Photodiode was defined in November 10, 1975 as the PNP double junction (in Fig. 6 of JAP1975-134985) type
photodiode with the vertical overflow drain action also with the complete charge transfer capability and the no-image-
lag feature as evidence the empty potential well of the buried photo charge storage, completely depleted of the charge.
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JPA1975-127646 Fig. 7 JPA1975-127647 Fig. 7

JPA1975-134985 Fig. 6
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Japanese Journal of Applied Physics, Volume 17 (1978) Supplement 17-1, pp. 255-261

Two Phase CCD with Narrow-Channel Transfer Regions

256 Yoshiaki Daimon-HAGIWARA
Yoshiaki DAIMON-HAGIWARA

Sony Corporation Research Center Yokohama 240

with no image lag
CLOCK-T T :.:,.:_ ‘_z

. , gate voltage, (volt)
Fig. 4. Input and output wave forms for 242 analo; -5 0 5 10 15
. . . . Fig. 2. The actual measured channel potentials plotted against the gate voltage for both
delay line in buried channel version. et e kit ey
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NARROW CHANNEL TRANSFER REGIONS
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Fig. 1. Top and crosssectional views of the electrode
structure for two phase CCD with narrow-channel
transfer regions.

Fig. 3. The end sections of 242 element analog delay line.
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Proceedings of the lOth. Conference on Solid State Devices, Tokyo, 1978;
Japanese Journal of Applied Physics, Volume 18 (1979) Supplement 18-1, pp. 335-340

A 380H x 488V CCD Imager
with Narrow Channel Transfer Gates

Yoshiaki Daimon-HAGIWARA, Motoaki ABe' and Chikao OxapA'

Sony Corporation Research Center, Yokohama 240
' Semiconductor Development Division, Yokohama 240
with no image lag
When the channel width of an FET becomes of the same order of magnitude as the
depth of the gate depletion region, an increase of threshold voltage is observed. This
narrow-channel effect has been applied successfully in creating an asymmetric potential
well under an electrode for two phase CCD operations. The feasibility of this new
structure has been confirmed in a 242 element analog delay line and the application is
now extended to a 380H x 488V CCD Imager. In the constructed B/W CCD camera,



Proceedings of the 10th Conference on Solid State Devices, Tokyo, 1978; With n 0 i m age Iag
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A 380H x 488V CCD Imager

with Narrow Channel Transfer Gates Without Image Signal

Yoshiaki Daimon-HAGIWARA, Motoaki ABe' and Chikao OkADA

Sony Corporation Research Center, Yokohama 240
' Semiconductor Development Division, Yokohama 240
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IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 43, NO. 12, DECEMBER 1996

High-Density and High-Quality Frame Transfer
CCD Imager with Very Low Smear, Low Dark
Current, and Very High Blue Sensitivity

with no image lag

Abstract—When the channel width of an FET becomes of the
same order of magnitude as the depth of the gate depletion
region, an increase of the threshold voltage is observed. This
narrow channel effect has been applied successfully in creating an
asymmetric potential well under an electrode for two-phase CCD

operation. The feasibility of this structure has been confirmed in-

a 242-element analog delay line. The application is now extended
to a 800 H x 492 V frame transfer-type buried channel CCD
imager with 14.31818 MHz frame shift, which results in a very
low smear level of 0.01%, which is good enough for low-cost
multimedia video camera applications. ' SR

I. INTRODUCTION

Sincs their introduction in the 1970’s, CCD sensors have
improved dramatically. CCD’s, however, have a number
of disadvantages in multimedia applications. Ackland empha-

to the interline-type CCD imager, yet holds ‘a large signal
charge packet. The on-chip frame memory can also be used
as a buffer memory for various multimedia applications.

 On these points, some brief discussions regarding a new
frame-transfer CCD structure and their results are reported.

‘The new structure is bipolar-type image sensing element with

a p-n-p SUB structure. The structure was originally proposed
by the author in 1975 [8]. Some related ideas, hidden in the
form of difficult legal wording, and other efforts, disclosed in
the form of published papers, will be reviewed and discussed
in details to explain the background and originality of the:
author’s proposed structure. | _

II. BIPOLAR IBAAGE SENSING E'.LEMENT
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High-Density and High-Quality Frame Transfer
CCD Imager with Very Low Smear, Low Dark
Current, and Very High Blue Sensitivity
Yoshiaki Hagiwara, Member, IEEE
with no image lag
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now widely adapeed in interline ransfer CCD imagers. The haiched regions .
(V1) covenng the top are tae polysilicon elecerodes fer the vertical CCD shift Fig. 2
regisiers. The seasor regions e not covered by the polysilicon electrodes.
(b) MOS capacitance-type imaging wensing element Quiced is the author's
inventon of November 10, 1975, and knows then as a conventonal scructure.
The top layer (V3) can be either a thin polysilicon or a cransparent semsor
elecrrade. (c) Blpolar junction-type image seasing element wieh a op wiring
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(2) rations of bipolar junction-Type image seasing element
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HAGIWARA: HIGH-DENSITY AND HIGH-QUALITY FRAME TRANSFER oo

‘S:.E‘M‘.pbaun of kmagiag sres. Coll size Is 11 pm H x 13 gmV.

TABLE II
DEVICE CHARACTERISTICS

(a SEMpmunolnmmmCeu size is 1) pm H x 9 pmV, (b)

Optical Format 2/3 inch

Transfer System Frame Transfer

Total Number of Pixels 800H x492V

Chip Size 100 mmH x 12.5 mm V
Cell Size Imaging Area IMTyumHx 13umV
Cell Size Storage Area ITymHx9umV
Silicon Substrate p-type (100) 10-15 ohm-cm
Horizontal Resolution 560 TV lines

Vertical Resolution 350 TV lines

Smear 0.01 %

Noise 10 electrons/pixel

Output Gain 4 nV/e

Lag Undetectable

‘Dynamic Range 83 dB

Charge Capacity 200,000 electrons/pixcel
Minimum [lumination (F1.4)\ 1.6 lux

) .
with no image lag
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Fig. 7. Relative spectrum response. The relative response of the bipolar-type
SiO2-P2-N1-P1-SUB structure is compared with poly~SiO2-N2-P(SUB)
structures of the polysilicen thickness of 50 and 150 nm.



2122 [EEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 43, NO. 12, DECEMBER 1996

High—Density and High-Quality Frame Transfer
CCD Imager with Very Low Smear, Low Dark
Current, and Very High Blue Sensitivity
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hv ?V 1975 Hagiwara

% VL ' w% . @

J.M. Early Dec 3, 1973

| T | 1

=" sugtpa)

SuUB (P s

N AN/ 3 = - 77 B [ swea | swien
N [ ;‘ P N z N é i ;i 5 fd mh- u\,p
i psub i 7 -
1 | :
V hv V O - i " e :I :
v Gl R AT N2
i : PRt ,’_-;; i ! Early 1973
% f&z LJ@MW@ L NE— D
- . ' —y — p ; H [ (A0 w
Dt J —E1/\N"/ E ‘\N_aj e def Dg b =0
= e o Hl B
psub | | pawo. | ( 1 N7
,: l 5 j Q2 ' 7z E‘f j
o TTIRTIOT k 197 ' ,
Hagiwara 1978 Hynece : E :

Y.D. Hagiwara Sep, 1977  J- Hynecek Dec, 1979 ®

[16] J. Hynecek, “Virtual phase CCD technology, in IEEE Proc. IEDM, [171 J. M. Early, U.S. Patent 3896485, Dec. 3, 1973.
Dec. 1979, pp. 611-614. _



The First Pinned Photodiode was invented by Hagiwara at Sony in 1975

in order to realize the in-pixel electric shutter function. The evidence is

given in the Japanese patent application JPA1975-127646, which defined

the pinned-surface triple-junction dynamic-thyristor type Pinned Photodiode.

The evidence are given in the Japanese Patent Applications,
JPA1975-127646, JPA1975-127646 and JPA1975-134985.

Fig 7 in JPA1975-127646 Fig7 in JPA1975-127647 Fig 6 in JPA1975-134985
o " e 1o
> Japanese Patent 1975-13498S
F R . > —a A Tt
o i o ~ Fig.6 ¢ ¢ —
“ B¢ d - c?a T B 2 DI
e = i N " ..
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PPD with in-pixel VOD function was drawn in Hagiwara Lab Note in Feb 1975.
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Sony's Representative Inventions Supporting Stacked Multi-Functional CMOS
Image Sensors

Sony Semiconductor Solutions Corporation
Pinned Photodiode Adopted for Back-Illuminated CMOS Image Sensors

The history of Sony's inventions of image sensors goes back to the CCD era. Above all, Pinned Photodiode is a technology that contributes to improving
the performance of back-illuminated CMOS image sensors, and the history of inventions and product development are as below.

In 1975, Sony invented a CCD image sensor that adopted a back-illuminated N+NP+N junction type and an N+NP+NP junction type Pinned Photodiode
(PPD) (Japanese patent application number 1975-127646, 1975-127647 Yoshiaki Hagiwara). In the same year, inspired by such structure, Sony
invented a PNP junction type PPD with VOD (vertical overflow drain) function (Japanese Patent No. 1215101 Yoshiaki Hagiwara). After that, Sony
succeeded in making a principle prototype of a frame transfer CCD image sensor that adopted the PNP junction type PPD technology, having a high-
impurity-concentration P+ channel stop region formed near a light receiving section by ion implantation technology for the first time in the world, and
its technical paper was presented at the academic conference, SSDM 1978 (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)). In 1980, Sony succeeded in making a camera
integrated VTR which incorporated a one-chip frame transfer CCD image sensor that adopted the PNP junction type PPD. President Iwama in Tokyo,
Chairperson Morita in New York, at the time held a press conference respectively on the same day, which surprised the world. In 1987, Sony succeeded
in developing a 8 mm video camcorder that adopted, for the first time in the world, the interline transfer CCD image sensor, which incorporated "PPD
having a high-impurity-concentration P+ channel stop region formed near the light receiving section by ion implantation technology" with VOD
function, and became the pioneer of the video camera market. The PPD technology that has been nurtured through such a long history is still used in
back-illuminated CMOS image sensors.
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Difference between Buried Photodiode and Pinned Photodiode

| 8 years, 10 months ago  Modif 2 years, 8 months ago  Viey 6k times

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
b what is the buried 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.

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 q,, = 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 to Teranishi and to Fossum (in CMOS image sensors)

b AY. Hlaceholder
' } i I it
w(.,.‘e;\

avd 29.6k

electronics.stackexchange. inned-photodiode



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

The first Pinned Photodiode was
developed by Hagiwara Team

and reported in Tokyo at the I3E TRANSACTIONS ON FLECTRON DEVICES, VOL. $3, NO, 12, DECEMEER 2006

SSDM Conference on Sep 1978.

It was in the form of the P+NPsub
double junction type photodiode
with the pinned P+ surface hole
accumulation region, which is
pinned and fixed at the P substrate
grounded potential by the adjacent
heavily doped P+ channel stops.

NEC developed in 1982 also a
double junction photodiode and
named it as Buried Photodiode.

Kodak also developed in 1984
a double junction photodiode and
named it as Pinned Photodiode.

In 1987, Sony produced a triple
junction photodiode and named
it as Hole Accumulation Diode
(HAD) and used it the portable
and digital video cameras.

However, they are all similar to the
double and triple junction photodiodes
invented in 1975 by Hagiwara at Sony.
Evidence is given by JPA1975-127646,
JPA1975-127647 and JPA1975-134985.

Hagiwara in 1975 invented NEC 1982 Buried Photodiode KODAK 1984 Pinned Photodiode and Sony 1987 HAD

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.

CCD with Pinned Windows
The Hole Role in Solid-State Imagers : .

Albert ). 1 Theuwissen, Fellow, IEEE

Pinning surface potential
Despite these advantages, notice that parts of the depleted by

ndype CCD channels are not covered by gale material. In e i .
this way, their clectrostatic potential is not defined! Such a self-aligned, shallow 8
structure will suffer from serious charge transport issues dur implant
ng its operation, because charge can and will be trapped in * 2.9 210%cm?,
local potential pockets, The effect can simply be solved b .
dclmull)l the |-ulcnlul in the open arcas lhn-'u:h an c.ucnm:l * 1978 : Hagiwara (Sony),
of the r‘ channel stopper. A simple self-aligned p-implant of * 1982 : Beck (Philips)
210" Jem? Buions after the gate construction is sufficient to
extend the channel stop arca to the gate edge and, consequently,
hix the potential in the open arcas, The result after this self.
aligned implant is shown in Fig. 4. 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 o buried diode or hole-accumulation device
(HAD)?|

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

2e8
Mo

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
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The P+P-N-P-P+ double junction type Solar Cell may have much higher efficiency

Photon wave length between 0.5 ym and
1.11 um may contribute to the solar cell
efficiency if we can control the side edge ?
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Floating N type
Surface region

\\VE

Vs

Floating
Surface
N type
Photo Charge

VVOD Storage Region

The N type Surface region is floating ( not Pinned ) .
The anti-blooming VOD does not function well because the N-type
surface will also be pulled down as the VOD voltage is pulled down deeper.



True History of Photodiode

The difference of Double and Single junction type Solar Cells
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JPA2020-131313 file on Aug 1, 2020.
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Multi-junction Pinned Photodiode

Multi-junction Pinned Photodiode type Solar Cell Structure, with Com P lete |y Dep leted of Photo Electron and Hole
based on Double Junction Solar Cell , defined in JPA2020-131313, applied Aug. 1, 2020
by Yoshiaki Hagiwara, Sept 12, 2022
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Multi-junction Pinned Photodiode

Multi-junction Pinned Photodiode type Solar Cell Structure, with Completely Depleted of Photo Electron and Hole

based on Double Junction Solar Cell , defined in JPA2020-131313, applied Aug. 1, 2020
by Yoshiaki Hagiwara, Sept 12, 2022
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Exact Numerical Computer Simulation of Charge Transfer Action
in Buried Channel CCD presented in ISSCC1974 by Yoshiaki Daimon-Hagiwara
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for details see the PhD Thesis by Yoshiaki Daimon-Hagiwara on June 1975 from Caltech.

Caltech_1975_PhD_Thesis_Yoshiaki_Daimon_Hagihara.pdf



https://202011282002569657330.onamaeweb.jp/AIPS_Library/Caltech_1975_PhD_Thesis_Yoshiaki_Daimon_Hagihara.pdf

Exact Numerical Computer Simulation of Charge Transfer Action
in Buried Channel CCD presented in ISSCC1974 by Yoshiaki Daimon-Hagiwara
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for details see the PhD Thesis by Yoshiaki Daimon-Hagiwara on June 1975 from Caltech.

Caltech 1975 PhD Thesis Yoshiaki Daimon Hagih

Prof. James McCaldin and Hagiwara

at ISSCC1974, in Philadelphia, USA

Prof. C. A. Mead


https://202011282002569657330.onamaeweb.jp/AIPS_Library/Caltech_1975_PhD_Thesis_Yoshiaki_Daimon_Hagihara.pdf

True History of Photodiode

(1) Single Junction Type Dynamic Photodiode was used in image sensors before 1970
(2) CCD/MOS type dynamic Photodiode was invented in 1970 with no image lag with the Pinned Gate.

(3) Double Junction type Dynamic Photodiode invented by Philips in June 9, 1975 with RC delay time.

(4) Triple Junction type Dynamic Photodiode with the pinned surfacelinvented by Sony in Oct 23, 1975.
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JPA1976-150288( Netherland Patent 7506795, priority June 7, 1975)



https://en.wikipedia.org/wiki/Foveon_X3 sensor

Red Blue Blue Red DBlue Red

Foveon X3 sensor

From Wikipedia, the free encyclopedia . . . Si02 l . .
Silicon color absorption Foveon X3 sensor stack “ (1) e O
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Light gathering and low-light performance ot et
The Foveon X3 photosensor can detect more photons entering the camera than a mosaic sensor, because each of the color filters
overlaying each photosite of a mosaic sensor passes only one of the primary colors and absorbs the other two. The absorption of
these colors reduces the total amount of light gathered by the sensor and destroys much of the information about the color of the
light impinging on each sensor element. Although the Foveon X3 has a greater light-gathering ability, the individual layers do not
respond as sharply to the respective colors; thus color-indicating information in the sensor's raw data requires an "aggressive"
matrix (i.e., the removal of common-mode signals) to produce color data in a standard color space, which can increase color noise

in low-light situations.[15]
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Foveon X3 sensor

From Wikipedia, the free encyclopedia . . . Si02 l . .
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The Foveon X3 sensor is a digital camera image sensor designed by rFoveon, Inc., (nNOw part of Sigma Corporation) and

manufactured by Dongbu Electronics.[] It uses an array of photosites that consist of three vertically stacked photodiodes. Each of
the three stacked photodiodes has a different spectral sensitivity, allowing it to respond differently to different wavelengths.[2] The
signals from the three photodiodes are then processed as additive color data that are transformed to a standard RGB color space.

The X3 sensor technology was first deployed in 2002 in the Sigma SD9 DSLR camera, and subsequently in the SD10, SD14, SD15,
SD1 (including SD1 Merrill), the original mirrorless compact Sigma DP1 and Sigma DP2 in 2008 and 2009 respectively, the Sigma
dp2 Quattro series from 2014, and the Sigma SD Quattro series from 2016. The development of the Foveon X3 technology is the

subject of the 2005 book The Silicon Eye by George Gilder.



Japanese Patent JPA 1977-837

This patent is applied for the lateral overflow drain (LOD) function.
The excess charge is drained to the N+ lateral output drain (LOD).
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JPA1978-1971 by T. Yamada at Toshiba, an invention of the in-pixel anti-blooming
using the NPN junction photodiode with the floating N photo charge storage
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Bucket Brigade Device

This floating surface photodiode operates

in the BBD type charge transfer mode

with the serious image lag and the truth

is that the in-pixel anti-blooming function
does not function properly at high frequency.



JPA1978-1971 by Tetsuo Yamada at Toshiba
Floating N type VcTa
Surface region I
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The N type Surface region is floating ( not Pinned ) .
The anti-blooming VOD does not function well because the N-type
surface will also be pulled down as the VOD voltage is pulled down deeper.



JPA1980-138026 by N. Teranishi et al at NEC

JPA 1980-138026
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This patent is on the PNP junction
type Buried Photodiode but NOT
Pinned Photodiode. The surface P
region is not pinned and grounded.
The surface potential can be of any
value depending on the floating
buried N region potential, which is
actually controlled by the substrate
Psub potential which is grounded in
this case, but in case of a built-in
VOD function P+NPNsub junction
photodiode, the P region potential is
controlled by the Nsub VOD voltage
and can be any value. The surface

P region must be pinned by the
adjacent P+ channel Stops region

or the adjacent metal contact wiring.



Who invented Pinned Photodiode ?

Hagiwara at Sony invented Pinned Photodiode in 1975. The evidence is give by the three Japanese patent applications,
JPA1975-127646, JPA1975-127647 and JPA1975-134985. The first Pinned Photodiode was defined in October 23, 1975
as the N+NPNP triple junction( in Fig. 7 of JAP1975-127646) type and the N+NPN double junction type (in Fig. 7 of
JAP1975-127647) type photodiodes with the N+ type pinned surface and the P type buried photo charge storage

region with the complete charge transfer capability and the no-image-lag feature. The photo charge is transferred and
drained to the CCD/MOS type charge storage buffer memory quicky by the strong punch-thru action. The second
Pinned Photodiode was defined in November 10, 1975 as the PNP double junction (in Fig. 6 of JAP1975-134985) type
photodiode with the vertical overflow drain action also with the complete charge transfer capability and the no-image-
lag feature as evidence the empty potential well of the buried photo charge storage, completely depleted of the charge.
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Proceedings of the 9th Conference on Solid State Devices, Tokyo, 1977;
Japanese Journal of Applied Physics, Volume 17 (1978) Supplement 17-1, pp. 255-261

Two Phase CCD with Narrow-Channel Transfer Regions

256 Yoshiaki Daimon-HAGIWARA
Yoshiaki DAIMON-HAGIWARA

Sony Corporation Research Center Yokohama 240

with no image lag
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Fig. 1. Top and crosssectional views of the electrode
structure for two phase CCD with narrow-channel
transfer regions.

Fig. 3. The end sections of 242 element analog delay line.
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High—Density and High-Quality Frame Transfer
CCD Imager with Very Low Smear, Low Dark
Current, and Very High Blue Sensitivity

Y.D. Hagiwara Nov 10, 1975
hv ?V 1975 Hagiwara
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Proceedings of the lOth. Conference on Solid State Devices, Tokyo, 1978;
Japanese Journal of Applied Physics, Volume 18 (1979) Supplement 18-1, pp. 335-340

A 380H x 488V CCD Imager
with Narrow Channel Transfer Gates

Yoshiaki Daimon-HAGIWARA, Motoaki ABe' and Chikao OxapA'

Sony Corporation Research Center, Yokohama 240
' Semiconductor Development Division, Yokohama 240
with no image lag
When the channel width of an FET becomes of the same order of magnitude as the
depth of the gate depletion region, an increase of threshold voltage is observed. This
narrow-channel effect has been applied successfully in creating an asymmetric potential
well under an electrode for two phase CCD operations. The feasibility of this new
structure has been confirmed in a 242 element analog delay line and the application is
now extended to a 380H x 488V CCD Imager. In the constructed B/W CCD camera,



Proceedings of the 10th Conference on Solid State Devices, Tokyo, 1978; With n 0 i m age Iag

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

A 380H x 488V CCD Imager

with Narrow Channel Transfer Gates Without Image Signal

Yoshiaki Daimon-HAGIWARA, Motoaki ABe' and Chikao OkADA

Sony Corporation Research Center, Yokohama 240
' Semiconductor Development Division, Yokohama 240
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For Single Junction type Solar Cell with the floating N+ surface photo charge storage region,
only the wave length between Y1(um) and Y2(u m) can contribute to the Efficiency.
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For Single Junction type Solar Cell with the floating N+ surface photo charge storage region,
only the wave length between Y1(um) and Y2(u m) can contribute to the Efficiency.
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Multi-junction Pinned Photodiode

Multi-junction Pinned Photodiode type Solar Cell Structure, with Completely Depleted of Photo Electron and Hole

based on Double Junction Solar Cell , defined in JPA2020-131313, applied Aug. 1, 2020
by Yoshiaki Hagiwara, Sept 12, 2022
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True History of Photodiode

The difference of Double and Single junction type Solar Cells
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Hello, my name is Yoshiaki Hagiwara. | am also called simply as Yoshi, and as Yoshiaki Daimon and also as Yoshiaki Daimon-Hagihara.
| believe that | am the true inventor of the digital camera with the mechanical shutter function capability, which is completely filmless
and free from mechanical parts. | worked at Sony from 1975 till 2008. My friends in Sony developed the digital camera in 1987. Sony is
now enjoying image sensor business. Image sensors are very important to realize Artificial Intelligent Al robots and self-driving cars.

Evidence that Yoshiaki Hagiwara is the inventor

of Pinned Buried Photodiode with in-pixel overflow
Drain (VOD) function is given by the three basic
Japanese Patent Applications, JPA1975-127646,
JPA1975-127647 and JPA1975-134985.

Hagiwara also invented the in in-pixel Overflow
Drain (OFD) Punch-thru Clocking Scheme to
realize the completely-mechanical-part-free
Electrical Shutter for digital cameras, opening
a way to realize our modern digital TV world.

Evidence that Yoshiaki Hagiwara is the inventor of
Electrical Shutter is given by the basic Japanese
Patent Applications, JPA1977-126885.

The first Double Junction Pinned Buried Photodiode
was developed by Hagiwara team at Sony in 1978.
The first Triple Junction Pinned Buried Photodiode
with Electrical Shutter function was developed by
Hamazakiteam at Sony in 1987.

Thank you very much !
http://www.aiplab.com hagiwara.yoshiaki@aiplab.com
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