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.What is the difference between CCD Image Sensor and CMOS Image Sensor ?

What is CCD Image Sensor ? Who invented it ? Who developed it ?
What is CMOS Image Sensor ? Who invented it ? Who developed it ?

.What is the difference between Buried Photodiode and Pinned Photodiode?

What is Buried Photodiode? Who invented it ? Who developed it ?
What is Pinned Photodiode? Who invented it ? Who developed it ?

@ In the historical invention and development efforts of image sensors,
what is the true contribution of Charge Coupled Device (CCD) ?
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Figure 1. Aritficial Intelligent {Al) Image Sensor Struciure with Three Basic Paris.
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.Before the invention of Charge Coupled Device(CCD) in 1970, the most of image sensors
had the N+P single-junction type light-detecting picture-element (pixel).

The N+P single junction type photo sensor is still now widely used in solar cells with
a poor light-energy to electron-energy conversion efficiency of about less than 20%.

.Before 1970, it was well known that an MOS dynamic photo capacitor could also be used

as a light-detecting picture-element (pixel). However, the surface metal of the MOS
electrode does not pass the illuminated light thru. But buried channel type Charge Coupled
Device (CCD) was very attractive because it can transfer the analog photo charge packet
with a charge transfer efficiency up to 99.999%. In the analog TV era, the picture resolution
was 800H by 500V, and the 99.999% charge transfer efficiency was enough since the
number of the charge transfer required in the image sensor was only 800H + 500V = 1300
times of the CCD charge transfers and the charge loss was only 1300 x 0.001 % = 1.3 %.
Since human eyes do not recognize any picture noise and distortion of less than 3% and
the camera sensitivity is defined as the signal to noise ratio (S/N), the over-all CCD charge
transfer noise of about 1.3 % was very small. And CCD had a very important contribution
for realizing a very high light-sensitive solid-state video camera in the analog TV era.
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.However, for the digital TV era of 6000H by 4000V picture resolution, the 99.999% CCD

charge transfer efficiency is no longer enough since the maximum number of the charge
transfer required becomes 10000 and the charge loss is now over 10000 x 0.001 % = 10 %.
Human eyes can recognize picture noise and distortion over 3%.

@®Now, with the low-power digital CMOS circuit and with the correlated double sampling
(CDS) scheme, and also with the in-pixel source-follower current-amplifier circuit and
with the in-pixel or in-column A/D converter circuit, the digital CMOS type charge transfer
device completely took over the role of the analog CCD type charge transfer device.

@®But as well known, the low-power digital CMOS circuits and the A/D converters in the
modern CMOS image sensors have nothing to do with the light detecting element.

@Then, what is the actual semiconductor device that has the super-light sensitive feature ?
The semiconductor device that has the super-light sensitive feature was actually used
since 1987 when Sony successfully developed and produced the passport-size portable
8 mm video camera with the electrical shutter function capability for the first time in the
world. The 1987 is the year when the film cameras began to be replaced completely by the

very highly light-sensitive, all-solid-state and also mechanical-parts-free video cameras.
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@®Then, what is the actual semiconductor device that has the super-light sensitive feature ?

The semiconductor device that has the super-light sensitive feature was actually developed
in 1978 for the first time in the world by Sony and Sony also developed successfully for the
first time in the word one-chip CCD video camera in 1980 using the same unique device

with a very high super-light-sensitive feature.

However, Sony did not disclose the details of this unique photo sensor structure with the
very high super-light-sensitive feature because Sony was under competitions with many
strong rival companies. Sony was afraid of the possibility that they would easily copy
the unique device and would also invent a better device against Sony.

@®The actual semiconductor device that has the super-light sensitive feature is Sony’s
hole accumulation diode (HAD) which is the NPNP triple junction type Pinned Buried
Photodiode with the in-pixel vertical overflow drain (VOD)punch-thru action mode,
which was invented in 1975 by Yoshiaki Hagiwara at Sony. See JPA1975-127646,
JPA1975-127647 and JPA1975-134985. The first PNP double junction Pinned Buried
Photodiode was developed and reported at SSDM1978 by Hagiwara team at Sony.
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What is the actual semiconductor device that has the super-light sensitive feature, no image lag problem
and no surface dark current noise problem but with the pinned surface and the in-pixel vertical overflow
drain (VOD) function realizing the electric shutter function capability for fast action and snapshots pictures ?

What is the difference between Pinned Photodiode and Buried Photodiode ?
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What is the actual semiconductor device that has the super-light sensitive feature, no image lag problem
and no surface dark current noise problem but with the pinned surface and the in-pixel vertical overflow
drain (VOD) function realizing the electric shutter function capability for fast action and snapshots pictures ?

What is the difference between Pinned Photodiode and Buried Photodiode ?
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Sony's Representative Inventions Supporting Stacked Multi-Functional CMOS
Image Sensors

Sony Corporation
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, S5DM 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 "PFD
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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From: Kawana Yoshiyuki <kawana@asahi-net.email.ne_jp=

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

To: hagiwara.yoshiaki@aiplab.com; "seiichi-watanabe’ <seiichi-watanabe@hinets. jp>
Cc: hagiwara@ssis.or.jp; hagiwara.yoshiaki@aiplab.com; hagiwara-yoshiakii@aiplab.com
Subject: RE: IEEE Life Fellow 5§ BT F:[R2020_02_11
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photodicde Tl W £ A, N+PF 1 F— Fidpinnedic BFEZH A, TOEETPHNPT 4 F—FE @B Tldpinned(Zi -
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From: Kawana Yoshiyuki <kawana@asahi-net.email.ne_jp=

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

To: hagiwara.yoshiaki@aiplab.com; "seiichi-watanabe’ <seiichi-watanabe@hinets.jp=>; '"Nachisa Ohta" <nachisa@kmd.keio.ac jp=;
narabu@gakushikai jp; ‘FnA~{5:&" <toshiharusuzukill@gmail.com>; Tsugio Makimoto' <makimoto@tsugio jp>; mukai@ssis.or.jp
Cc: hagiwara-yoshiaki@aiplab_com; hagiwara.yoshiaki@aiplab.com

Subject: RE: IEEE Life Fellow 58 B=MN{F #[F2020_02_11

TR E A

AV ERUSESIENET, 1082ER19TEL N R TEE-TUET, EHE-THE~ELEVET,
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From: Kawana Yoshiyuki <kawana@asahi-net.email.ne_jp>
Sent: Wednesday, March 31, 2021 12:03 PM

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

Subject: RE: woanft HE A FBRTR= 1/~ — 13 1005 BIEIE 1551 Z5R CENIE T
Bl E A

Cverflow  drainicB4 2SS 0BTR VAL I & VEYT, coTREBGSoTEICH 3 LEEEE AOREBEL VR
10T EnHERIROSTFAEN TE TR EanE LTz, T2l TAEEw, EWIEKTTH,
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From: KEawana Yoshiyuki <kawana@asahi-net.email.ne.jp=

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

To: seiichi-watanabe <seiichi-watanabe@hinets.jp=; hagiwara-yoshiaki@aiplab.com
Cc: seiichi-watanabe@hinets.jp

Subject: RE: 2.3n L H7E A BBt S ./~ — 33 L 10050 BIEIE #5512 58 CENNS FHESE e

FHRE=~0E8HETHEIAES TEVET,
ZRES,r SOESEHESENETS. no  response@ L HISHhELNAEHEA. LHL,
'El_ f'ﬂjiﬁ:lhl;ﬁqﬁ._ﬂi_fﬁ_j-ﬁ_%l_{_h— -:.h"EJLI_,-.;_:'-""H.
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NBEZSADPOWEEWEWEELEERZIHRELET,

From: KEawana Yoshiyuki <kawana@asahi-net.email.ne.jp=
Sent: Saturday, April 17, 2021 7:38 AM
To: seiichi-watanabe <seiichi-watanabe@hinets.jp=; hagiwara-yoshiakii@aiplab_.com

Cc: seiichi-watanabe@hinets.jp
Subject: RE: FW: 2o 35t @E A HERRES A /A — 231005 B E I F8 51 Eeh HENIE F ST EE

Bl A, BREE A

EABE=roENEEET W EE L EEADERNSEY. EEEOETOIERESC L2 ~E20THEVWEEWE
T, BETRE ST RSN R ES o bilhVET R, BEFEFaTaa s 33 EERET S0 THFTOHEICE
TLWAOTEENELALD, FHFTRESOEFEEZEEELTWSEEVWET,
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From: Kawana Yoshiyuki <kawana@asahi-net.email.ne_jp=

Sent: Thursday, &April 22, 2021 11:37 AM
To: hagiwara-yoshiaki@aiplab.com; "seiichi-watanabe’ <seiichi-watanabe@hinets.jp=

Subject: RE: M singlefE S BY solar cell MR o #E FehT AFL7-.

EE A
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., FORHICKRESAEITNEVCOTHEELET,

HNE2EZ

08
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From: Kawana Yoshiyuki <kawana@asahi-net.email.ne.jp>
Sent: Wednesday, April 28, 2021 8:07 PM

To: hagiwara-yoshiaki@aiplab_com; 'seiichi-watanabe" <seiichi-watanabe@ hinets.jp=>; narabu@gakushikai_jp; 'Nachisa Ohta’
<nachisa@kmd.keio.ac jp=; tksti@ca2.so-net.ne_jp; hiromichi.matsui@restargp.com

Cc: hagiwara@ssis.or.jp; hagiwara-yoshiaki@aiplab.com

Subject: RE: B IAL T HEVET . SRS S H 0 TH . #82021_04_28
EE AL

BHR&APTLHARCEPTIORFRFES LWVWTT,
CHREAESL-LELTA, EEEAAOEICOVWTEFEETE TLEYA, EPA& 7+ F T4 T — FTREFTEEEAFEI(L

ENaEREcREEFE B LENETH, FEREFRT I 4TV ERA, EREEBIERENEFR 7+ FF 44 —F

ApinEg N TG NE, BECERC RV EEA, ToARMEBLETHE S TTH,

HEZ2EZ
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SSISHE(KFELEDIBHILENITIER DL HDRAFT (FER)
1975-1985 Improvement of photodiode for image sensor

(Phillips, Sony, Hitachi, NEC, Toshiba)
~ Discrete Semiconductor/Others ~

Photodiodes are used for photodetectors of image sensors.

On June 9, 1975, Philips [1] proposed a double junction type Buried Photodiode for the first time in the world
and used it in CCD image sensors. By providing an oxide-covered silicon P type surface region for the light incident
section, the MOS sensor electrode that normally covers the entire light receiving surface of the photodiode can be
eliminated to improve the light sensitivity greatly. Then, on Oct 23, 1975, Sony proposed a double junction type

[2] and a triple junction type [3] Pinned Buried Photodiode. While Buried Photodiode with the floating surface
is known to have the serious image lag problem, Pinned Buried Photodiode invented by Sony with the pinned

surface hole accumulation region has the complete charge transfer capability and suffers no image lag problem.
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SSISHEFELEDI/HILEDETIEER DLEHDRAFT (FEXR)

1975-1985 Improvement of photodiode for image sensor

-

In the same vear, on November 10, 1975, inspired by such structure, Sony invented a PNP junction type Pinned
Buried Photodiode with vertical overflow drain (VOD) function [4] . It is a basic proposal for a pinned buried
photodiode with the electrical shutter function capability with a P+ layer on the surface of the light receiving part
and the complete charge transfer capability achieving the no-image-lag feature. The vertical overflow drain (VOD)
function capability is essential to achieve the electrical shutter function for fast action and snapshot motion pictures.,

This invention opened the new era of the completely mechanical-parts free and filmless video cameras.

Next, proposals were made by Hitachi [53] touse the P+ layer as the substrate potential. In 1977, Hitachi presented
a structure in which the high-concentration surface P+ laver is connected to a P-type substrate (well) and pinned
it to the same potential but the charge N+ storage region is partially exposed to the silicon surface and, being

floating, has the serious image lag problem. This photosensor was not Pinned Buried Photodiode.

\_

17



SSISYE{AFEHEEDIBHITEDITER DTHDRAFT (FEE)
1975-1985 Improvement of photodiode for image sensor

-

the VOD function.

image lag problem.

In 1978, Sony [7]

\_

~N

In 1978, Toshiba [6] also proposed an N+PNsub double junction type photodiode with the floating surface and

However, it did not deplete the charge storage N layer completely and suffered the serious

announced an FT (Frame Transfer) -CCD image sensor, using the P+NP double junction

tvpe Pinned Buried Photodiode with the excellent blue light sensitivity, no surface dark current problem and the

completely charge transfer capability of no image lag feature.

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 1980 and held Sony Press Conference
in Tokyo and in New York on the same date of July 1, 1980. The design methods based on this operation principle

of the pinned buried photodiode focusing on this buried N-layer potential were then widely studied and have been

standardized as the Pinned Buried Photodiode for today's CCD and CMOS image sensors [8] .

J
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SSISH-BIFFELEEDIBH L EDITIER DCHDRAFT (FEX)
1975-1985 Improvement of photodiode for image sensor

( The Pinned Photodiode is a Buried Photodiode in which the entire buried N layer is covered with a P layer, The\

part of the P layer on the light incident surface is heavily doped P+. Meanwhile there were many conference papers

and patent applications reported which were very similar in the first glance but quite different from the Hagiwara
1975 invention and 1978 paper of the completely Pinned Buned Photodiode.

In 1980, NEC [9] filed a Japanese patent on Buried Photodiode and explained in detail the relationship between
the electric potential of the N layer of a photodiode in which the P layer was pinned to the substrate potential and

the potential of the transfer gate to an external circuit.

NEC claimed in the NEC IEDM 1982 paper [10] that a principle of operation that completely transfers the signal
charges would be achieved while keeping the potential of the depleted N layer higher than the channel potential of
the transfer gate by a required value or higher, realizing image lag free operation. But NEC reported the serious

image lag problem in the Buried Photodiode presented in the NEC IEDM1982 conference paper. NEC did not
explain clearly the cause of the image lag problem. NEC did not explain the importance of the Pinned surface

potential, which is very important to suppress the image lag problem.




SSISHEKRFEFEEDIBHILENFTEXDEHDRAFT (FER)
1975-1985 Improvement of photodiode for image sensor

( Now it is very clear that, unless the surface P+ hole accumulation region is pinned by the adjacent P+ heavily dopcd\

channel stops region, the light incident P+ surface hole accumulation region would become floating, being
surrounded and isolated electrically from the substrate ground potential by the deletion region extended by the

deeply biased buried N storage region and causing the serious image lag problem.

Sony developed the first Pinned Buried Photodiode in 1978 and used it in a FT CCD image sensor. NEC also
developed Buried photodiode in 1982, used it in an ILT CCD image sensor for the first time in the world. But the
NEC Buried Photodiode reported in the NEC IEDM1982 paper had evidently the floating surface Buried
Photodiode with a serious image lag problem, which was not evidently a Pinned Photodiode.

Kodak [11] also developed Pinned Buried photodiode in 1984, used it in an ILT CCD image sensor for the first
time in the world and named this structure Pinned Photodiode. This device has features such as high light
sensitivity, wide dynamic range, image lag free, much smaller dark current due to reduced influence of GR center
on the light receiving surface, and no white scars. However, Kodak used the LOCOS isolation which induced the
thermal oxide stress causing the yield problems of the serious dark current noise and defects of white spots. Sony

1978 Pinned Photodiode did not use the LOCOS isolation to improve the image sensor yield by suppressing the

\ surface dark current problem.
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-

In 1987, Sony [12) developed a 2 / 3-inch, 380,000-pixel CCD image sensor using a new type of photodetector,
now called a Pinned Photodiode (Sony named it HAD: Hole Accumulation Diode), and installed it in the 8mm
VTR integrated video camera "CCD-V90", using high energy ion implantation technology without using the
LOCOS isolation technology to form the adjacent P+ heavily doped channel stops directly connected to the light
illumination surface of the surface P+ hole accumulation region, which was originally developed in 1978 by Yoshiak:
Hagiwara and reported for the first time in SSDM1978 conference in September 1978  [7] .

In the 1990s, the era of passport size video cameras demands compact CCD image sensors with large numbers of
pixels (1/2 inch or smaller with 400,000 pixels or more). As a result, Pinned Photodiodes came to be widely used
in CCD image sensors by manufacturers. In 1995, Kodak adopted them for CMOS image sensors. Pinned
Photodiodes became the primary photodetector for CCD / CMOS image sensors. The Pinned Photodiode (also

known as Buried Photodiode) technology was established as a widely used standard technology by active proposals

of photodiode improvements from the late 1970s to the early 1980s.
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SONY HAD Sensor 1975 was hinted by SONY PNP Bipolar Transistor Process Technology
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Toshiba Yamada-san Patent on the double junction
Photodiode with Substrate Overflow Drain Function

This is not a Pinned Photodiode.
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Sony's Representative Inventions Supporting Stacked Multi-Functional CMOS
Image Sensors

Sony Corporation
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, S5DM 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 "PFD
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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FESRfED et (C IFFERTH

VXY, SONYDRHRESZBNICEHT HRLHHPAEHTY, HRATELHTD

Pinned Buried Photodiode®%&Fl& 1975-127646 & 1975-127647 TY, ZD5|AHHY £FH A,

Japanese Patent 1975-127646

SZHE & RIHAICER O Z H L DrainffiEdA % 5,
Ko [ 10 10

br—— o
N+NP+NP junction type Buried Pinned Photodiode A %5 P": o belitl o 'H' :n)
with Built-in MOS Capacitor Buffer Memory Global Shutter Function a ; e[~ ~ &
and the surface N+N doping slope Barrier Electric Field Photo Pair Generation ox T p
y
':F 8 % Fig. 6 . o " B e al
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CTD Buried Pinned Photodiode J{ e
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‘ )r%" Barrier Electric
K $i02 harge Transper Field Ph?to Pair
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/ Surface N- . /"’4" 5 1M
i . \ Global Shutter Fig. 7
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BEREOTRICIEEERRSHY T, SONYOREEHICHETZEHHFFEUTT, HRTELHTO
Pinned Buried Photodiode®¥3&FI3 1975-127646 & 1975-127647 T9, CDO5|HIH Y £H A,

23tmE & RFEICER DM E H L DraintBiEiA$H 3,
Japanese Patent 1975-127647 B TR R ™
h 12l

N+NP+N junction Dynamic Photo Transistor type Buried Pinned Photodiode N7 \ : Bt
Z [
with Built-in MOS Capacitor Buffer Memory Global Shutter Function A& Z " " b‘; E
and the surface N+N doping slope Barrier Electric Filed Photo Pair Generation ] e
b4 1
er

N+NP+N junction Dynamic Photo Transistor type
Buried Pinned Photodiode ’
- @ R

Electron Hole
Pair Gen¢e(‘at|on

L
i
Charge Transfer wp B
Action Mode ¢y — 7 | | E \!
| | edane
Buried P+ teb
P> et - : ; e K Barrier Electric
®~MOs Buffer  [€§ . i @ 48 Complets Charge Fi€ld Photo Pair
v Pinned ry  Global Shutter et . Generation
Vpin Su rface Action Mode : : n? in:nage lag
el | 1
U LY, '
o 2 : : % I &%

& e ' . Fig. 7




ZHE & RAICERTOMLZE Y L DraintBiEh % 3,

Double Junction Pinned Photodiode
aes with Buried Base N Region for Photo
Fig.6 Charge Collection and Storage

Pinned

Empty Potential Well

with Complete Charge Transfer
and No-Image-Lag Feature

Original Japanese Patent Claims
JPA1975-134985

#rAxoEBR
TACERE, Rl aENORE | YER B,
ZotENEdhaFlIafEORIFERAW
tewERsnTERnN: 21 POoERYEAT L
EEEAN: M IEVYESECOERE D % B ({
EETATELEANREECRwT, FERER
EEoLtERIFAREARCEREABTHEDE S

A, ER&dfx i #r@Edél., EPER]I RTFR
ifTaEwENOoORERE T F A BRETERD
vy A NEL, B PR FDA=A R
LEIEERITAaREARCEETFRELCECANETYE
ML, CEeEREnaEErLERENEEN
dd4T, TORBrNYIYELRCEEENERE
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ZHE & RHAICERTOMLE WY LDraintBiEh'% 3,

PNP double junction photodiode

in a substrate wafer resuting in

a PNPNsub triple junction type
dynamic photo thyristor

Burled Base N Region
for Photo Charge
** Collection and Storage

English Translation of JPA1975-134985

In a semiconductor substrate
(Nsub) the first region (P1) is
formed. Then the second region
(N) is formed upon it forming
the collector junction (Jc). Then

on the second region (N), the
emitter Junction (Je) is formed.
The photo charge is stored in
the base region (N) and then
transferred to the adjacent
charge transfer device (CTD).
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#IRIZ1975FD JPA1975-134985%55F T, A THH T, EE(Vertica) Bi@FIOverflow(E S ER D
& H Ligaez#oDrain (VOD)KEEZERL T (SONYDHADEYY—0) FHFHEL TVWET,

Japanese Patent 1975-134985

Hole Accumulation Diode (HAD)

P+NPNsub junction Dynamic Photo Thyristor type Pinned Photodiode
with the built-in vertical overflow drain (VOD) function

/" Japanese Patent 1975-134985 \‘\

Hole Accumulation Dvode (MAD)
Figo 6 :""‘:
Patential
LR b
A wo e
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B e | Jf e HAD
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.
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Fig.3 Conventional Buried Channel CCD type
MOS Capacitor type Photodiode Structure
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1 mig SR 208 e e oy ants oot
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N ‘ Fig. 3
/ \ p
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I & RO EIICER DM X B LDrainfBlEH % 3,

mam
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»
N /
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Pinned Photodeode
P
Psus Fig.5 Surface VOD type Pinned Photodiode




(C) Signal Output with No Light

(A) Pinned-Surface and Buried-Storage
showing Very Low Dark Current Feature

PNP Photodiode with Adjacent Channel Stops

Without Image Signal

(D) Signal Output with Input Light
showing No Image Lag Feature

>

20
F g

.’ﬁa ce Time
§a

Yoshiaki Hagiwara, Motoaki Abe and Chikara Okada, “ A 380H x 488V CCD Imager with
Narrow Channel Transfer Gates”, Proceeding of 10t Conference on Solid State Devices,
Tokyo 1978, Japanese Journal of Applied Physics, Volume 18 Sup 18-1, pp. 367-369.
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#KIAIE1975FD JPA1975-134985%55F T, tHRTHH T, EE(Vertica) BiBFIOverflowlESER D
iwm&EH Li¥EE & FoDrain (VOD)1#EE%2ZRL T (SONYDHADEYY—®) HFHELTWET,

Japanese Patent 1975-134985

Hole Accumulation Diode (HAD)

P+NPNsub junction Dynamic Photo Thyristor type Pinned Photodiode
with the built-in vertical overflow drain (VOD) function

Japanese Patent 1975-134985
Hole Accumuation Divode (MAD)

Fig.6 o
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FESEEEDELIRICIEEERFEHI»HY T, SONYDRESZAHICEHT 2HBEHSRETYT, HRETIELHTD
Pinned Buried Photodiode ®4¥55FI3 1975-127646 & 1975-127647 T9, CDO5|ALVHY £E A,

#IFIE 197 5FD JPAL975-134985%55F T, tHAR THIH T, EEH(Vertical) EiBFIOverflowlESER D
mE M LigsezFoDrain (VOD)KEEZZEEL T (SONYDHADEYH—d) #HEFHELTVWET,

(1)Wrong ? | .
In 1925, 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. with the buried
charge collecting storage (base) with the complete charge transfer mode with no image lag feature.

Japanese Patent 1975-134985 YaTaaoKEEE
Hole Accumulation Diode (HAD)
P+NPNsub_ junction _Dy_namic'Pho(o Thyristor (_ype Pinned Photodiode | H*“*!‘*( NSUb) |:. ; 1 ‘ﬁ ga); 1
with the built-in vertical overflow drain (VOD) function *““ﬁ‘( P well ) t. (2) Zw.tl:lsﬁéhf:
¥ F2RBYOF2FREAERL(IN) &N BEENT
s GBI (N) & 2 &Y OBEE RS SBH P3 P1
Fig 6 $5% 88 (CTD )&AC (4) L2 ¥ BIKILK (Nsub) je jC
o 0 s Prned O i <505 0<RE Sh TR S(5) B ki e -
_ \5 [ty o~ Ste S SRUT, ERAEA (N OLR%2 N BERFIZETZRXTIC
BER & P ‘ o+ W (N)I= T IR B D) B A, 2 N2 . _
s 12In| P HESVe)EISVEEELEL. (6) LEREE + _] lﬁ é i l'u L -C =E)
A wo [ LS. (P well B U552 B (N OB AE c Je — — | e
UP { Front Side | e———e Down | Back Side | ALISEBU)ET S PNP)R S DRFERR H_m IE.[ L ﬁﬁTTo
L) & FSUSRIDA—RELD LRE2E P1 P3
MAEFRN)ICEPRICEC-BEEERL
ClICEREh-BEE LE&EES(CTD)I
B TEOBREETIIIICLEIEE
HMET IEKRSEE, Nsub
Potential Wel S REEE IS IFZAEH Emitter A L BREI L TLEL,

FABAETLEABRHETE CORFRENTT,
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EREEDERICIIEZELIZLAHY ET, SONY DRHFRBHICEATIEREIPFLYTT, HETIELHTD
Pinned Buried Photodiode®%55FI% 1975-127646 & 1975-127647 T3, CO5|ADH ) £HA.,

#FKEIZ1975%F0 JPA1975-1349854F5F T, tHETIH T, EE (Vertical) BiAF|Overflow(ESER D

IFEH LiEsE%ZiFoDrain (VOD)#EZEZEL T (SONYDODHADEY Y —d) FFHELTWET,

HR%2 Y —F93SONYTIE, Z&RIREIEX MOS - CCODRERSNHEFFL#*ED19 7 5FDHRHAT
BRRTATLT, SONY IZFEDHEVWEHEETAH AT DER L EHMILISSONYDESFEETL -,
~ Sony developed the CCD/MOS dynamic photo capacitor type photon detecting device and

the CCD type Charge Transfer Device (CTD) for an interline CCD image sensor in 1980
with the complete charge transfer of no image lag feature for fast action pictures.

Y. Kanoh, T. Ando, H. Matsumoto, Y. Hagiwara and T. Hashimoto, "Interline Transfer CCD Image
Sensor", Technical Journal of Television Society, ED 481, pp. 47-52, Jan 24, 1980. %Hﬂ %%@WEB < :l:)

-t U Sl ANA 747 Jumbo jet : 1T GeD Chips 5 I m;%f\ ¥ (ARY:S 'g'o
=1 i= B / @ EEMCEELEE
BCCD cTG . . ; | ~ 5 : T9, }EEQE—CT?E;F

St Phggoé:/‘igzm' XC-1 1980 Model g I m % *Sﬁ,ﬁ, L\ L i _g_o

ICX-008 Sony ILT CCD Image Sensor Structure vout _tm

W V2 vi v vz 3o v2

Vertical Buried Channel CCD Horizontal Buried Channel CCD

P+ P+

Si02 I SI02




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

FESEEEDELIRICIIEERFEHI»HY X9, SONYDRESBHICEHT 2BEHSFRETYT, HRETIELHTD
Pinned Buried Photodiode ®455F13 1975-127646 & 1975-127647 TY, T D5|ALFH Y £E A,

#IREIZ1 97 5FD JPA1975-1349854%:F T, MR TH&H T, EE(Vertical) BiBR|Overflow(ESER D
& H LIeEZFoDrain (VOD)#aEZEEL T (SONYDOHADEYY—m) 15FHEL TWE T,

MRz Y —F95SONYTIE, KRBT MOS - CCORERZHRTFEMEDL I 7T 5FDFHEMNAT
BRRTHTLT. SONY REBOLVWEHREETFAXFORRLERILIISONYDELARETL,

) Sony used the P+NP double junction type Pinned Photodiode for 380H x 488V in 1978 and
570H x488V one chip color FT CCD Image Sensors in 1980.

#HEFEDPinned Buried
Photodiode¥E&H,n T F#

Yoshiaki Hagiwara, SSDM1978 "Paper and Japanese Patent No. 1215101 (Japanese Patent Application JPA 1975-134985)

Yoshiaki Hagiwara, Motoaki Abe and Chikara Okada, “A 380H x 488V CCD Imager with Narrow Channel Transfer Gates”. jJ )( 7 (‘:. V T R GJ_W'IB 0)
Proceeding of the 10th Conference on Solid State Devices, Tokyo 1978; > = — e = —
Japanese Journal of Applied Physics, Volume 18(1979) Supplement 18-1, pp. 335-340. t 7T j- ‘lA t jJ )( 7 T TO

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).

~ 1980&7H1BIHE
RBERLTWET, BRI
EELREETT, BEET
SkE|EESEVLET,

Sony 1980 Video Movie has in one body
s'gz 3 T an 8 mm VTR and One Chip FT CCD Image Sensor
e E with the PNP Double Junction type Pinned Photodiode

developed by Hagiwara in 1978
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(1) BEREDORRICIIEERTZLIFHYET, SONYORERBHICET ZRHHPFHETT, HATELHTD
Pinned Buried Photodiode ®455FI3 1975-127646 & 1975-127647 T9, T D5|AHLFHY £E A,

Rz —F95SONYTIE, ZHEFEREIIMOS - CCORERSZNARZFELHKENL I 7 5FDFAT
ﬁ*l*—;_&f L7=ASONY Ix7 4 /\)l«'é“?id)l_fié%,uh’c/ﬂl;*’&ﬁb"c WF L7,

(C) Signal Output with No Light

(A) Pinned-Surface and Buried-Storage
showing Very Low Dark Current Feature

PNP Photodiode WIth Adjacent Channel Stops

Japanese Patent 1975-134985 L Pl yse

Hole Accumuation Dvode (MAD)
. M»‘e
Flg. 6 i f ie — %\ ,J j\_{_i
BiR % e :

FIN » I &- .
3 ' (B)ssl’lper;:t‘rﬁl Re;;lmnsLe V}\‘I;tg Ve")tf H;gh (D) Signal Output with Input Light
! iy _0, e g |g bl ol showing No Image Lag Feature
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Potertial Wel Yoshiaki Hagiwara, Motoaki Abe and Chikara Okada, “ A 380H x 488V CCD Imager with
Narrow Channel Transfer Gates”, Proceeding of 10t Conference on Solid State Devices,

Tokyo 1978, Japanese Journal of Applied Physics, Volume 18 Sup 18-1, pp. 367-369.
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(1) BEREEDRRICITERRRLPHY X, SONY DREEBHICETIREH;HIFRETT, HATRELHTO
Pinned Buried Photodiode ®455FI3 1975-127646 & 1975-127647 T9, T D5|AHLFHY £E A,

MR & Y — F935SONYTIE, %E&ERHIEIEMOS - CCOBRERZNARTFLMENDL I 7 5FDFHAT
RRTATLEDNSONY R FANLEHOERZEBNTERZRITITVWELE,

. The N+PNP junction type Dynamic Photo Transistor Structure
~ Japanese Patent 1975-134985 Pinned Photodiode and Sony Hole Accumulation Diode (HAD)
Hole Accumuation Dvode (MAD) with the vertical overflow drain (VOD) function

Fig. 6 invented by Hagiwara at Sony in 1975

Light

— Si02
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b Ton

B Flectron

it . .
Hagiwara’s Lab Note at Sony in February 1975
asration Mnned fmpty g s y y
" J In 1975 at Sony, Yoshiaki Hagiwara filed three Japanese patents JPA1975-127646, JPA1975-127647 and JPA1975-134985
Potential We . on the Pinned Surface Photodiode with the VOD function which is later called as Sony Hole Accumulation Diode (HAD).

Hagiwara did not file a patent on the SiO2 device isolation but this lab note shows that Hagiwara had an idea of
forming the Shallow Trench Isolation by the Local Oxidation Method, which was hinted by the LOCOS isolation in 1970s.

XH - 7Y—7THhD., Filmless T HREDLEWEEXRT 7> a VBEDAIEELRE FshutteriiE 2 2RI 3E(F
BEHeRLBSETEI’ITHBHL=. 197 0 EDCCDOHERLFENSONYDIEWEREETL 1=,
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Thank You Message from

Sony Chairman Ohga |
to Yoshiaki Hagiwara , !
for the contribution & - *4 4&
to Sony Victory , T .f- * A ’
on Sony-Fairchild Patent War ; oy
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Sony Chairman Ohga® and Hagiwara
at Chairman Office ih Sony/Tokyo Headquarter, 1996
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to Sony Victory
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KODAK Sony Patent Agreement on Image Sensor and Digital Camera 2007.1.4
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Sony Central Research Center Crystal Award 1978

on Space and Time Analysis of Image Sensor Signal 1996 2000
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Electric Shutter Basic Patent Award ( )

. : L ) defined in JPA1975-134985 ( Patent 12155101 ) by Hagiwara.
from Sony President Idei to Yoshiaki Hagiwara
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Albert J.P. Theuwissen, Jan T.J. Bosiers, Edwin Roks, “ The Hole Role “,
an invited paper at IEDM2005, Washington DC, Techn. Dig. , 2005.

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

structure the mother of the %mgﬁotodiodc or buried Giode
or accum ton ")

P+
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i)
W p 81 sopper

AN P
TLLLLLLLLLLL

ssomt W
22 pSiml

5 i substate

Figare 3. Cross section of a buned-channe! CCD on w5t mebstirate sncluding
gkt windowy and ¢ o the noncovered (CD chanmets
ke croas section s pe 1o the CCD chamnel)

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



Fossum 2014 misleading paper invited the sericous misunderstandigs.

This Fossum 2014 paper did not quote Hagiwara 1975 patents completely and
with a limited knowledge, made misleading and false comments not based on truth

Indeed, Hagiwara invented PPD with VOD J The surface Pe loyer

and the virtual charge transfer in 1975 :.."?.fm"....:

T T T T T T somy HAD (PPDVOD) does e 2
not use be floating and
A Review of the Pinned Photodiode for eyl ossed
CCD and CMOS Image Scnsors ' and have serious image lag.
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Hagiwara in 1975 i PPD with VOD and the virtual charge transfer.
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Difference between Buried Photodiode and Pinned Photodiode
What is the difference between Buried Photodiode and Pinned Photodiode? | understand that the P+/N/P

structure where the P+ and P layers have the same potential is the Pinned Photodiode. So what is the
buried Photodiode?

This is a commonly misunderstood misused set of terminologies.

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

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

You can get surface state pinning from the dangling SVSIO2 bonds providing trapping centers. A buried PD
(Photodiode) has a shallow implant that forces the charge carners away from these surface traps. The
SVSIO2 surface contributes to increased leakage (dark current) and noise (particularty 1/f noise from
trapping/de-trapping) So confusingly a buried PD avoids pinning of the fermi-level at the surface.

A pinned PD is by necessity a buried PD, but not all buried PD's are pinned. The Pin
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 coliection 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 1o acknowledge Hagiwara-san's contribution. It has long been incorrectly attributed

fo Teranishi and to Fossum (in CMOS Image sensors)




Buried Photodiode
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https://www.shmj.or.jp/english/pdf/dis/exhibil005E.pdf
(6)Wrong ?
_ _ NEC analyzed in detail the relatiopShip between the electric
potential of the N layer of a photodiode in which the P layer was pinnéd to the substrate potential

and the potential of the transfer gate to an external circuit.
NEC JPA 1980-1386026 HFE%#5FI& Pinned Photodiode Tl %Ly,
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_ _ NEC analyzed in detail the relatiopShip between the electric
potential of the N layer of a photodiode in which the P layer was pinnéd to the substrate potential
and the potential of the transfer gate to an external circuit.
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https://www.shmj.or.jp/english/pdf/dis/exhibil005E.pdf
(4 )Wrong ?

In 1977, Toshiba proposed optimizing the impurity concentrgffion and thickness of the charge
storage N layer of the PN junction photodiode to_completely deplete it in order to reduce image lag

and improve light sensitivity [71.

JPA1977-102559
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.‘a pa nese Pate nt .l PA 1977'837 (A) Pinned-Surface and Buried-Storage (C) Signal Output with No Light

i - ¢ 4 2 PNP Photodiode with Adjacent Ch I St h Very Low Dark C t Feat
This patent is applied for the lateral overflow drain (LOD) function. i w' ’acen i oot i el ol il el
The excess charge is drained to the N+ lateral output drain (LOD).
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This SiO2 surface exposed photodiode z 4
has the serious Image lag problem. 2

(B) Spectral Response with Very High 2 s 2
Short-Wave Blue nght Sensntwuty (D) Signal Output with Input Light

showing No Image Lag Feature
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with No Image Lag with BBD Barrier (BBD)

Hitachi presented a structure in which the high-concentration surface P* layer is
connected to a P-type substrate (well) and pinned it to the same potential as the substrate to increase
the charge storage capacity and widen the dynamic range of the photodiode . In 1978, Sony
announced an FT (Frame Transfer) -CCD image sensor, using the photodiode with the same
structure °l. Sony succeeded for the first time i the world in prototyping a VTR-integrated colg//movie
camera using a 2 / 3-inch 280,000-pixel FP-CCD image sensor that developed this tecphfiology, in

1981 K. (2)Wrong ? (3)Wrong ?
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Published in: 2019 International 3D Systems Integration Conference (3DIC)

Yoshiaki Hagiwara
AIPS, Artificial Intelligent Partner Laboratory, Atsugi-city, Japan

Abstract:

Multichip CMOS Image Sensor Structure for Flash Image Acquisition

A new 3D Pinned Photodiode (HAD) CMOS image sensor structure applied in the 3-Dimensional
multichip high speed digital flash image data acquisition system is explained and the important

features are discussed.

CONCLUSION

/ Hole Accumulation Diode® (HAD), with the P+ heavily
doped surface hole accumulation layer, invented in 1975, is
very important, because first of all it has the excellent short
wave length blue light sensitivity feature producing the high
picture quality of color reproduction in low level light
illumination, which is realized by the photo electron and hole
pair generation and separation in the built-in potental
barrier' and the electric field at the surface heavily doped P+
hole accumulation HAD. No dark current i1s the second
important feature. And no image lag is the third one since
CCD was known to have the no image lag feature already.
But CCD itself does NOT have the excellent blue light
sensitivity and does NOT have the low dark current feature

which the Pinned Photodiode'*%'" invented by Hagiwara
\_ s

~L

HAD is defined as the PNPN junction Photodiode with
the VOD function. HAD 1is also by necessity the P+N-P
junction Pinned Photodiode with no dark current feature.
HAD 1s also by necessity the PN-P junction Depletion
Photodiode defined as Buried Photodiode with no image lag
feature. When Hagiwara nvented HAD'24'° in 1975,
Hagiwara also invented (1) Pinned Photodiode®, (2)
Depletion Photodiode', (3) Buried Photodiode'®, (4) the in-
pixel vertical overflow drain® (VOD) function and (5) the
in-pixel Global Shutter function' '". The surface pinned
potential’ * ' also serves as the hole collector terminal
separating the holes from photo electrons which dnft more
than the distance estimated by Debye length until being
collected into the Buried'’, Depletion' and Pinned®
Photodiode (HAD), with the back light illumination scheme'
which is the most important feature needed to build the super
sensitive 3D CMOS image sensor with the high blue-light
quantum efficiency and the excellent color reproduction at
low light level for fast action pictures with no image lag.

\
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Simulation and Device Characterization of the P+PN+P Junction Type
Pinned Photodiode and Schottky Barrier Photodiode

Yoshiaki Hagiwara

AIPS
Artificial Intelligent Partner Laboratory

Abstract: Atsugi-city,Japan

Process parameter tolerance of semiconductor device is very important for manufacturability
and yield. Pinned Photodiode has by definition the pinned surface potential of the low surface
dark current feature and the pinned empty potential well of the no image lag feature with the
excellent blue light sensitivity of the ideal quantum efficiency. This paper reports simulation and
device characterization of the unique P+PN+P junction type Buried, Depletion and Pinned
Photodiode with excellent manufacturability, originally invented in 1975. Related various
historical photodiode structures are reviewed, including the metal semiconductor Schottky
Barrier photo sensor of Au/ B - Ga , O ; type in search for the low leakage and dark current
photodiode which led the 1975 invention of the low leakage P+NPNsub junction Pinned
Photodiode by Hagiwara.

Published in: 2020 4th IEEE Electron Devices Technology & Manufacturing Conference (EDTM)



