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Where the band is not flat nor floating,
with an electric field, photo electron

and hole pairs are separated effectively.

Photo electrons and holes pairs move,
apart from each other, and contribute
to the solar cell quantum efficiency.
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Where the band is flat and floating,
there is no electric field to separate
photo electron and hole pairs. Photo
electrons and holes pairs do not move
from where they are generated. And
eventually pairs recombine into heat.
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Where the band is not flat nor floating, Where the band is flat and floating,
with an electric field, photo electron there is no electric field to separate
and hole pairs are separated effectively. photo electron and hole pairs. Photo
Photo electrons and holes pairs move, electrons and holes pairs do not move
apart from each other, and contribute from where they are generated. And

to the solar cell quantum efficiency. eventually pairs recombine into heat.
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Thank You Message from
Sony Chairman Ohga
to Yoshiaki Hagiwara
for the contribution
to Sony Victory
on Sony-Fairchild Patent War

Newspaper describing
Sony Victory
on Sony-Fairchild Patent War
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Bell Lab 1948 Bipolar Transistor Sony Bipolar Transistor

Emitter Base Emitter Emitter Base
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PNP Double Junction Solar Cell,
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also working as a single photo-electron detector
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JP2020 131313 on_Doubel Junction Pinned Photodiode Solar Cell 65 Pages.pdf
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The Pinned Photodiode (Sony Original HAD sensor) Structure
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for Japanese Patent 1977-126885 by Hagiwara

Yoshiaki Hagiwara (AIPS)

Hagiwara invented Pinned Photodiode (PPD).

Japanose Patent Applications, JPA1975-127646
JPAIDTH- 127647 and JPA 1975134885, filed by
Yoshuk: Hagiwara at Sony in 18975, show that
Hagiwara invented Buned Photodiode (BPD) with
the Pinned Surface Hole Accumulation, Pinned
Photodiode (PPD) and Hole Accumulation Diods
(HAD). It s also evident that Hagiwara imnvented
Global Shutter Scheme of the three level clocking
with MOS Capacitor Buffer Memary, clearly shown
i JPA 1976127646 and JPA 1975- 127647, 1t is als
ovident that Hagiwara ot al invented the Eloctrical
Shutter Clocking Schemeo by controlling punch-thry
action of the in-pixel overflow drain (OFD) voltage

as evidenced in JPA 1977-136885
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Publication List by Yoshiaki Hagiwara.html

P+P-N-P-P+ junction Pinned Photodiode Solar Cell
JPA2020-131313 filed by Yoshiaki Hagiwara
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Concept of Artificial Intelligent Partner System (AIPS) proposed by Yoshiaki Hagiwara, May 2008
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Poor Blue Light Sensitivity Problem

Single Junction N+P type Solar Cell
also has a very poor short wave
blue light sensitivity.



ICCCAS2023 Invited Paper on “Artificial Intelligent Partner System (AIPS)
with Pinned Buried Photodiode used for Robot Vision and Solar Cell Panel “

PNP_Double Junction Pinned Photodiode type Solar Cell Slide Show.html

(1) Invited Paper CCCAS2023 CS23-217_ paper.pdf SSDM1977_Sony_Paper
(2) Slides  slides.pdf Slides.pptx

SSDM1978 Sony_Paper
(3) Slide Show  Slide_Show.htm| CCD1979 Sony_Paper

(4) Presentation Video Video Presentation.mp4

Bell Lab 1948 Bipolar Transistor Sony Bipolar Transistor PNP Double Junction Solar Cell,
Emitter Base Emitter Emitter Base also working as a single photo-electron detector
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- . . . P+P-N-P-P+ double junction Pinned Photodiode type Solar Cell
Publication_List by Yoshiaki Hagiwara.html

Japanese Patent Application JPA2020-131313
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Digital CMOS image sensor

is made of (1) Pinned Photo Diode (2) Charge Transfer Device(CTD)
(3) A/D converter (4) Fast Cache SRAM and (5) Slow Nonvolatile RAM

In 1970s, the pixel size was too small to include one single metal-contact nor one single MOS-transistor.
We all knew that by the advancement of CMOS process scaling technology, this problem can be solved.

Meanwhile, the CCD type analog charge transfer device became the hero since 1987 till early 2000s.
Now this APS circuit, invented in 1968 by Peter Noble, replaced CCD completely in our Digital TV Era.

) (3) Brain Memory Cells
(¥ Retinoiverve Cells __[ We don’t need CCD any more !

Aeting —

]
’ \ retina

(2) Charge Transfer Nerve Fibers

Cache
memory

(2) CMOS type digital CTD

(1) Hagiwara 1975 Retina Diode ( pinned photo diode)
Pinned PhotodiodeB! XBEMDIRE.pdf (3



https://202011282002569657330.onamaeweb.jp/AIPS_Library/2023_05_09_Pinned_Photodiode%E5%9E%8B%E5%A4%AA%E9%99%BD%E9%9B%BB%E6%B1%A0%E3%81%AE%E6%8F%90%E6%A1%88_%E8%90%A9%E5%8E%9F%E8%89%AF%E6%98%AD.pdf

AR7FANRETHAIA T TILLERAINTULWAIBAREEDZINFEFTH S, Pinned Photodiodeld. ¥ & Sony

DIXEBBH1975FEICHKBAL, 197 7FE~197 SEICFHEL. EEFSSSDM1977&£SSDM1978 THEKL

-EhHDTY, BAREDEWAELT MK BT LIRXANF—2BERES IRV —ICHRLCTHELEY,
Sony 1978 Pinned Photodiode reported at SSDM1978

SONY SSDM1978 Conference paper reported High Quantum Efficiency of about n=60% at A =400 nm.
(a) - n=100% (b)
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"Chronology of Silicon-based Image Sensor _development"- Y. D. Hagiwara.pdf

IEEE EDS Newsletter January2023 Issue.pdf

Water Barrier, Water Gate and Water Dam Analogy

(3)P+PNPP+ Junction type Solar Cell
~~ P+PNPP-+ junction type — (1) N+P-P+ Junction type Solar Cell
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Difference_of P-type_and_N-type_ Silicon_Semiconductor

Ec ef- —Ec
@y
Ec =1.1eV Ec =1.1eV
i Ey Ev

@ acts as Positive Charge Carrier acts as Negative Charge Carrier

P-type Silicon N-type Silicon



FEHEREBOPTED L S ICHERE (RZERT D ?

F—LDER I=V/R

BE (V)

B ()

l |=V/R

R
£ (V)




FEHEREBOPTED L S ICHERE (RZERT D ?

ZE (V)
¥ (V\)>0
l I=V/R




FEHEREBOPTED L S ICHERE (RZERT D ?

ZE (V)
¥ (V\)<O0
l I=V/R




FEHEREBOPTED L S ICHERE (RZERT D ?

IBHIAHN-BEZzTLZERAL (B2 §5ZLICKYEMBRELATAEFZRBRITSIIADAgEELELE S,
Light

BE (V)=0




NP Z LS ARABTR SR FHE, HICERRL B 45, BRRMAMIFLOATINGIRIET
BEAFLATCH 70, SEICHBRRET, _FPENHTEL L, BREFECHRBLR X h i

Si+(R—I) & e- DREFIZ. ZDFICBZFY., B, ZOEFERTIIBUHSVL., BEASLTHRICE S,
(/om'wﬁ-;-)
R /
vt | v
R =
2
] N : . 2 2
% b5 © =i Ll Cfficiencyye 2= - .
u 2 i vy Ty
D . g
% .' ) : AT, '&Y{‘%,—:'/] b4 -
Gt T, ae I . )
4 L&D LVad
(Pass jatii) (lr':)t= 15 (~Vs) ""['* RyXo
Q‘“ } z‘ é{v Oa Vg0 , %)""0*%\
g s ¥
Y P~ Ceffisionsy —» — Koo+ A7)
| (RevRSZT, +27T

4s Adr0 4o Io 20 or wihenm ReXd> R,
va'u'ctuy)-’ - 4

f/( Kzl v&?‘.‘\;‘y
I AR T -

»




P+P Barrier Potential (1/6)
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P+P Barrier Potential (2/6)
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P-+P Barrier Potential (3/6)
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P+P Barrier Potential (4/6)
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P-+P Barrier Potential
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P+P Barrier Potential (5/6)
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“Chronology of Silicon-based Image Sensor development”- Y. D. Hagiwara.pdf
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Figure 2: Reproductions from the Japanese Patent Applications of (a) the N+N-P+NP-P triple junction PPD, (b) the N+N-P+N double junction PPD,
and (c) the PNP double junction PPD.
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Figure 3: (a) Top and cross-sectional views with the PPD type SiO,-exposed
light-receiving windows; (b) the chip photograph at both ends of the two-phase
narrow-channel CCD analog delay line; (c) the output waveform showing the complete
charge transfer capability without image lag. Figure 4 (a) Pinned-surface and buried-storage PNP photodiode; (b) spectral response of

the blue-light sensitive imager; output signal (c) without (d) with illumination.
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Figure 4 (a) Pinned-surface and buried-storage PNP photodiode; (b) spectral response of
the blue-light sensitive imager; output signal (c) without (d) with illumination.
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Figure 6: The double junction type buried photodiode image sensor
reproduced from Netherland Patent Application NPA [6].
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KODAK 1984 Pinned Photodiode reported at IEDM1984
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(A1) First Generation Simple NPN Bipolar Transistor in 1948

&® \/cmitter ® \/pase ® \/.c

Vcollector

L Vcollector



(A2) Second Generation Simple NPN Bipolar Transistor in 1950s
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Rsub
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(A3) Sony High Performance Bipolar Transistor in 1960s
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(B1) Conventional Floating Surface N+P Single Junction type Solar Cell




(B2) Pinned Photodiode type Double junction type Solar Cell
invented in 2020 by Hagiwara. See JPA2020-131313

® \/pase




(B3) High Quantum Efficiency Pinned Photodiode type Solar Cell
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https://en.wikipedia.org/wiki/Shockley%E2%80%93Queisser limit

Light

=

Black Body
Ts=6000"K

Ps = 21rlz/c'3f vdv/[ exp(hv/kT,)—1]
0

T f Cexp(hv/ET.)—1Tv*dy

(}“’9 )Qs

(Solar Cell Efficiency ) ~
Ps

Shockley-Queisser Limits (universitywafer.com)

Earth
Air

(hv,) (21r/c2)f Cexp(hv/kT,)—1 1 "vdv

Qs |SC_> V>O

Light
dian I Loadl
Black Body — —
Ts=300°K ’ o]
s — velr

10 20 30 0

E,=hvo=gV,

21rlz/c:"f vdv/[ exp (hv/kT,)—1]]

x'—-

Frc. 1. Comparison of the “semiempirical Lmit" of efficiency

of solar cells with the “‘detailed balance limit," derived in this

r. + represents the “hest experiment efficiency to date™ for
silicon cells, (See footnote 6.)


https://www.universitywafer.com/what-is-the-shockley-queisser-limit.html#:~:text=The%20Shockley-Queisser-limit%20is%20a%20theoretical%20limit%20for%20solar,those%20with%20the%20lowest%20amount%20of%20spectrum%20loss.
https://en.wikipedia.org/wiki/Shockley%E2%80%93Queisser_limit

(QE) can be as large as 80% !!

When Vmax — - Eg/2.
Power out— - Vmax lsc

la = lo exp(- Ec/kT){ exp(- V/kT) -1}

Power Output)=(-VILL )=(-V) (Isc -ld |

d(Output Power) /dV = 0 gives

(Power Output) max
(1sc) (Vrax /KT )

1- (Vmax /KT ) — exp( Vmax/kT)




Solar Power = (Is¢)(-V)

-~ ' V4 OUtpUt Power - (IL) (-V) la = lo exp(- EG/kT){ exp(- V/kT) - 1}
- :
i Solar Current (Isc) = (IL) + (la) :

& th o V <0 :

la = lo exp(-Ec/kT){ exp(- V/kT) -1}

d(Output Power) /dV = 0 gives

(Power Output) max
(1sc) (Vimax /KT )

1+ (Vmax /KT ) — exp(—Vmax/kT)




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

Wide Band Semiconductor Medium Band Semiconductor Narrow Band Semiconductor
Ho: [ Ho: [ H,: [
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. ' L 1 - : 1 - !
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- fra—————————— /_\.__~ paoay o P il43eV i 10676V IFT
. : A\: : NN : RO :

Al

|

d (N,hoton)
d (A en)

p
=Y

~39% achieved ...
X1 X2

/ Output Voltage ~ V14V24V3 Qutput Current = Min ( 11,12,13)
A pd=Light Penetration Depth in Si Crystal

A3 e N\ = .
z - A pd

20

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

A ph=Photon Wave Length Aph~ — + 0.3
04 0703 1011 1.3 1.9 2.2 2.5

Aph= 1.24 (um - eV) / Photon Energy (eV)
4—’. Q—b- H

Y1 Y2 Y3 Y4 Y5 Y6 Photon Wave Longth(um) Aph —

Relative Photon Power (W/um )
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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 um may contribute to the solar cell
efficiency if we can control the side edge ?

2.4
2.3
2.2
2.1 .
2.0 § For Silicon Crystal
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1.5 Electric Energy
1.4 . .
1.3 . .
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%‘% : Aph~— + 0.3 The P+P Barrier also
074 = 20 can contribute to
06l = the solar cell efficiency.
Aph 05]: Incident Sun Light

Silicon Penetration Depth (um) A pd —
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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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Fig. 9 (a) and (b)

"Chronology of Silicon-based Image Sensor development'"- Y. D. Hagiwara.pdf

https://eds.ieee.org/images /files /newsletters /Newsletter Jan23.pdf
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(QE) can be as large as 80% !!

- When Vmax — - Eg/2.
“~
-~ ” Power out— - Vmax lsc

//'\

ABEBICIRIESAER (d) »5%h, EFVEELELSES,
la = lo exp(-Ec/kT){ exp(- V/kT) -1}
Power Output)=(-VILL )=(-V) (Isc -ld )
d(Output Power ) /dV = O gives

(Power Output) max
(1sc) (Viaax /KT )

1- (Vmax /kT ) - exp( Vmax/kT)
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This Fossum 2014 paper
is a fake paper, insulting
Hagiwara and Sony.

d Photodiode for
[mage Sensors

B. Hondongwa, Student Member, IEEE
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Fossum 2014 fake paper claims that
1982 Teranishi IEDM paper was the

™ el origin of the pinned photo diode
| PV M . 4
. :%L_ which is not true. Fossum did not
1% 1 Signal charpe tramdor from 11T OCD) &+ p plotdetockn v o ]
o understand the physics of image
imtegrated in the photodetecton, The shift register part of the D —— )
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for consumer vidoo mﬂu“‘ due 0 reduced s and chading VO (3) posestial woll dagram (from Torssndy of o, 19%0)
more compect chip dosign than the full-frame CCD. The
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Intrinsic Silicon Crysal
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Intrinsic Silicon Crysal
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Intrinsic Silicon Crysal
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Intrinsic Silicon Crysal
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N-type Silicon Crysal
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P-type Silicon Crysal
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Figure 1: The drift-field transistor for high frequency operations, invented by Herbert
Kroemer in 1953.
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Figure 6: The double junction type buried photodiode image sensor
reproduced from Netherland Patent Application NPA [6].

@+ 7 > ZPhilipsttic & Y 1970FEPNP X 7 ViES DIBHIAHBZNRFEELFEHA I,

RAMHPEREEBL THEY ., ERERXFREMOPE & DREJICIZIRCEE % >EMRBIAH H
=K CLOCKEMETIE T — b L ERDEOFEBREDR IR K EDPEHEIEH FEIRAE & 7& )
TEEBEWHREHN TET., BREMEIFELT,


https://eds.ieee.org/images/files/newsletters/Newsletter_Jan23.pdf
https://202011282002569657330.onamaeweb.jp/AIPS_Library/P2023_IEEE_EDS_Newsletter_January2023_Issue_on_Chronology_of_Silicon-based_Image_Sensor_development_Y_D_Hagiwara.pdf
https://eds.ieee.org/images/files/newsletters/Newsletter_Jan23.pdf
https://202011282002569657330.onamaeweb.jp/AIPS_Library/P2023_IEEE_EDS_Newsletter_January2023_Issue_on_Chronology_of_Silicon-based_Image_Sensor_development_Y_D_Hagiwara.pdf
https://eds.ieee.org/images/files/newsletters/Newsletter_Jan23.pdf

“Chronology of Silicon-based Image Sensor development”- Y. D. Hagiwara.pdf

https://eds.ieee.org/images /files /newsletters /Newsletter Jan23.pdf

ST Y o 3 (2
A? Egrir-nﬁ ~ : s Y g J
A /é% s e [~ — &
10a = — —— ¥ c
i 7 s Je Me
; o—+4 g
B [ —”J’l " AsT1PIN | P _
[P =
1 ‘ | —c v >
C i ; e'l —=e*
B
—\\\J L}J Vescr) -'l
e
D _| =
_\\.

(a) (b) (c)

Figure 2: Reproductions from the Japanese Patent Applications of (a) the N+N-P+NP-P triple junction PPD, (b) the N+N-P+N double junction PPD,
and (c) the PNP double junction PPD.
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(a) Normal Global Shutter Mode

(c) Analogy of Potential-Profile and Rubber-Belt
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Figure 8: (a), (b) Global shutter clocking schemes for CMOS image sensors: normal global shutter mode, electronic shutter mode; (c) the electrical
potential profile of the P+PN-PN+ triple junction type PPD in the photo thyristor switch-on mode and in the integration mode.
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Figure 7: Figures reproduced from Japanese Patent Application JPA197 7-
126885 [10]: (a) sensor, (b) potential profile for the OFD punch-through action.
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0.0v

0.1y froveee v int Psub=100,DPP=100000,0P=10000,DN=4000,DPB=10000000; ... int Psub=100,DPP=1000000 ,DP=10000,DN=4000, DPB=10000000;
double Esi=648,kT=0.025,RPP=0.05,RP=0.2,RN=0.3,XN=0.3,RPB=0.5,XN=4; !
02y bkt E Y S | double Esi=648,kT=0.025,RPP=0.05,RP=0.2,RN=0.3,XN=0.3,RPB=0.5,Xu=4;
o\ SO S et
(T IR— — S —— S — ———————
(1] I, s —— s
0.0 um 0.5 um 10 um 15 gm

f*****************************

B9%#1 ddd=DDDD(X) DEH

*****************************;

void DDDD(void) { ddd = - Psub - DPP*exp(-X*X/RPP/RPP)
- DP*exp(-X*X/RP/RP)

+ DNNN*exp(-(XN-X)*(XN-X)/RN/RN)

DPB*exp (- (XW-X)*(XW-X)/RPB/RPB); }

f*****************************************************************!



Gl.html AR DHTT S ICEFRAEHLET, 202368 5290 10:00 pm B
Pinned Photodiode type Solar Cell Q#Efi#ith CE:E.c

int Psub=100,DPP=1000000,DP=10000,DN=4500,DPB=10000000;

double Esi=648,kT=0.025,RPP=0.085,RP=0.2,RN=0.3,XN=0.3,RPB=0.5,XW=4;
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G2.html DHEAKDHFITY #cBHRAERH L 4. 202348 H298 10:00 pm BE
Pinned Photodiode_ type Solar_Cell Q#afi#th CE:E.c

0.0v

0.1v int Psub=100,DPP=1000000,DP=10000,DN=4500,DPB=10000000;

double Esi=648,kT=0.025,RPP=0.05,RP=0.2,RN=0.3,XN=0.3,RPB=0.5,XW=4;
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https://202011282002569657330.onamaeweb.jp/AIPS_Library/2023_08_17_Pinned_Photodiode_type_Solar_Cell_PWD_283_478_291_664_895.c

Gl.html AR DHTT S ICEFRAEHLET, 202368 5290 10:00 pm B
Pinned Photodiode type Solar Cell Q#Efi#ith CE:E.c

int Psub=100,DPP=1000000,DP=10000,DN=4000,DPB=10000000;

double Esi=648,kT=0.025,RPP=0.05,RP=0.2,RN=0.3,XN=0.3,RPB=0.5,XW=4;
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G2.html DHEAKDHFITY #cBHRAERH L 4. 202348 H298 10:00 pm BE
Pinned Photodiode_ type Solar_Cell Q#afi#th CE:E.c

0.0v

0.1v int Psub=100,DPP=1000000,DP=10000,DN=4000,DPB=10000000;

double Esi=648,kT=0.025,RPP=0.05,RP=0.2,RN=0.3,XN=0.3,RPB=0.5,X\=4;
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Pinned Photodiode type Solar Cell O#{Efi#Ethr CS:E.

BICERMRzIBE L £9 ., 2023FE8 A29H 11:00 pm R7E
kkkkkkkkkhkkhhkhhkkhkkkx Qutput Files **kxkkkkkkkkkkkhkkhhkkhkk

F1.txt,F2.txt,F3.txt;

Al.txt A2.txt, A3.txt, Ad.txt, AS5.txt;

B.txt;
D1.txt,D2.txt,D3.txt,Dd.txt,D5.txt,D6.txt,D7.txt,D8.txt,D9.txt;

El.txt,E2.txt,E3.txt, Ed.txt ES.txt E6.txt E7.txt,E8.txt,E9.txt;

Gl.html,G2.html,G3.html,GU.html;

kkkkkkkkkkkkkkkkx End of Output Files #**%kkkkkkkkhkkhkhhkhkhhhkhkhkhkhkk



https://202011282002569657330.onamaeweb.jp/AIPS_Library/2023_08_17_Pinned_Photodiode_type_Solar_Cell_PWD_283_478_291_664_895.c

BICRFTRZBEL 9, 2023F8 A27H 16:00 pm IRTE
DN=4700 gives Vm= 0.585464 eV

+++++++++++++++++ See A5 tXT ++++++++HHE R+
For XW=4.000000 Psub=100 DN=4700 RN=0.300000 XN=0.300000
and DPP=1000000 RPP=0.030000 DP=10000 RP=0.200000
the minimum voltage was estimated as VMM=8.585464 volt

at the silicon depth XM=6.553188 um.

Depletion Width from the Silicon Surface (X=0) 1is

between XD1=0.049188 pum and XD2=3.413188 pum

++++++++++++ b+



BICRIRZ®E L £9, 2023FE8 A27H 16:00 pm R1E
DN=4500 gives Vm= 0.554828 eV

+++++++++++++++4+4+ See A1, tXt 4+ bbb+
For Xh=4.000000 Psub=100 DN=4500 RN=0.300000 XN=0.300000
and DPP=1000000 RPP=0.030000 DP=10000 RP=0.200000
the minimum voltage was estimated as VMM=0.554828 volt

at the silicon depth XM=0.550943 pum.

Depletion Width from the Silicon Surface (X=0) 1is
between XD1=0.8560943 um and XD2=3.338943 um

+++++++++++ b



BICRIRZ®E L £9, 2023FE8 A27H 16:00 pm R1E
DN=4700 gives Vm= 0.524265 eV

+++++++++++++++++ See  ALS.tXE ++++++++HHHbR R
For XiW=4.000000 Psub=100 DN=4300 RN=0.300000 XN=0.300000
and DPP=1000000 RPP=0.030000 DP=10000 RP=0.200000
the minimum voltage was estimated as VMM=0.524265 volt

at the silicon depth XM=0.548607 um.

Depletion Width from the Silicon Surface (X=0) 1is

between XD1=6.052607 um and XD2=3.262607 um

F+++++++++++++++++ b



= (bp> (XN2-Xp
gr}: s (Pa D (ANZ=->ND

ZrR!
& if,ﬁ_-pl
? prre
‘iTjg(
"V bd')(':-XDZ



0 \‘%7 < 3. g
: Kw
(dx) = Lxwry 33 ¥/
= (loooo0o)
V/ -~ - T T = = <& ]
M X wl VA1 t Chkvmd = (XM ) (loooocDD
V[kyM‘D V[kVM+}J
V&) VIikvmI =M ; X[ rvrd= XM
Xroch / X[IC'XMj:XM | X[Ia’oow)):xw

VI01=0 | VIkxm)=vm |Vlicoossd <O

’ l
M X = XM’, Eo; d*l/"ﬁ(‘): _‘B{K)
t-'b)(x
(M)L .




. \‘%7 > , g
: (D
: CJX): 6100000)4 33 7
V. - e A B - ]
MX VA1 t (kVM3= (i‘(":/ )(:oooo@)

VIikvmd =VM 5 X[ kvrd= XM

X[O‘J:O /X[Ic)(Mj.er lX[Io'OOOOD'cXW
v/ el=0 IV[kXM)=VM {V[/ooo007=0

W X XM J:;:""uo gives V' Lkxm+ 1T v Chxng~1]

VI ky+1Js VI kxm—1J = v kXM ) — f‘:’;?;k:”i {4
N



. \‘% € 3. g

: KD
(dx) = ¢ — 33 7

= (loooo0o)

VA s _ ~ ]

“ X . VA1 t (/(VM) - (XM ) (100000)

Vikvm-yy — VIkvM+)] XwW
Ve VIikvmI =M ; X[ rvrd= XM
X[O‘J:O / X[Ic)(Mj.er lX[Io'OOOOD'cXW

v/ el=0 l VIikXm) =Vvm {V[/ooo007=0

fov ks kXM -2  KXhj—y , — -

Lg&.\J[ VIK3L) + vfk')—ﬁf't.‘)v[.fc-fijj - —3Ck+1)
L S by

V&) = (DVIksrD —Vik+2) —

(A3 D (kr1DS
(1
(TS (5)




D
(dx) = ¢ — 33 7

e, ¢ [o0000)
VM # ~ = - - ~— & = .
X T VA1 t Chkvmd = ( ) (loooo@)
Vikvm-yy — VIkvM+)]
V&) VIikvmI =M ; X[ rvrd= XM

X[O‘J:O /X[Ic)(Mj.er lX[Io'OOOOD'cXW
v/ el=0 IV[kXM)=VM {V[/ooo007=0

Fov K= RM 72, KXp9+3,
-2 - dDYVIk=1)) )
C‘;'sbg (K3 + V[ k=22 f_t________) < ~1)
(A x>

' - Ay .
VIKI«(2\VIk-1) —VvIEk-2 = LE&;‘E‘G‘* /2 —@




O \*7 T s
‘ Kw
CJX):: C — «J3 7
| (looo00)
VM $~ -~ "~ -~~~ -& .
X | v t Chvmd = [;‘(’:/ )(100000)

VIikvmd =M 5 X[ rvrd= XM

X[o)=0 / X[ICXM):XM lX[Io'OOOOD=XW
Vv/iel=0 IV[kXM)=VM {V[/000007=0

( Xt
(Xw)

VIEkxMY=vM ; XTkxmM)= XM ;

14 kXM 2 FEE Fn3 - (kxm) = )(“"‘"”‘*’"3




N\ X=xm >
O =7 ° :
Kw )
(dx) = ¢ — 33 7
| (loov0o0o)
VMX~---~-T:‘ vvr b Chvas = (XM (1oo000)
VIkvm-r) VIkvm+r] W
Ve VIikvmI =M ; X[ rvrd= XM
X[O‘J:O / X[Ic)(Mj.er lX[Io'OOOOD'cXW

v/ el=0 l VIikXm) =Vvm {V[/ooo007=0

’;:‘CA A-h;. — T ——

k-2, kw3, ... VIKI= (2) VIKt1]~ vl kes] ~ @%(“‘“;HO



>
O T T :
‘ Kw )
CJX):: C — 33 7
| (loo0000)
VMXN---~_T:\ VA1 t (/(VM)-—_;[XM )(loooo@)
V[kVMsl_) V[kVM+}) XwW
Ve VIikvmd =VM ; X[ kvrd= XM
Xfoj = O / X[ICXM) = Y I X[Io'000¢>3=XW

v/ el=0 l VIikXm) =Vvm {V[/000007=0

p—e A p
fr ad Fe R ooy .. OXLKY: [yt -vtx)) Jdy

YW k)= hT) do | ‘W LY
D 1k)



\ , -
0 T :
{ ! :
‘ (xw)
' - — «J3 7
: CJX) (loocoo0)
VMX“"”“—T:\ VA1 t (kVM5=(>;<’:/ )(:ooooo)
VIkvrm-1) VI kvm+)]) VL kemT e um X[ rvade XM
V(x\ 2
Xtoj = O / X[Ic)(Mj.r Y A I X[Io'OOOOD'cXW

v/ el=0 l VIikXm) =Vvm {V[/ooo007=0

—_ e~ Www [k] - (€T) doy, (245
ﬁl" ach f kJ(M-.?__,k'XM—-j"-... 'DWD’([&J - D k)

(www [kt1) - www/ kJ) / (dy



N\ X=X =
, T 7 :
Xw D
CJX):: C — 33 7
| (loo0000)
VMXN_--~_T:\ VA1 t (/(VM)-—_;[XM )(loooo@)
VIKkvrm-1) VI kvM+)] il
Ve VIikvmd =VM ; X[ kvrd= XM
Xfoj = O / X[ICXM) = Y I X[Io'000¢>3=XW

v/ el=0 l VIikXm) =Vvm {V[/000007=0

—;:Acﬁ PRy Iwox k) - (wraw

kxM-?._,k’XM-.j' ... [k""’i)-WWux[kJ (d
. Check Whellen .DW.’?)([/L'J-: b"”'ﬁ)()[{rjk).? Dfisrh' V¥



N\ X=xm >
O T =° :
Kw )
(dx) = ¢ — 33 7
| (loov0o0o)
VMX~---~-T:‘ vvr b Chvas = (XM (1oo000)
Vikvm-y — VIkvM+)] X w
Ve VIikvmI =M ; X[ rvrd= XM
X[O‘J:O / X[Ic)(Mj.er lX[Io'OOOOD'cXW

v/ el=0 l VIikXm) =Vvm {V[/ooo007=0

—;:MA ks kv o oo o

kM2, kxmoz ... fer

M2k20  winy< (“Wy(;;’f[



O \?*7 T S
{ ! :
‘ (xw)D
' dx) = — 4
: . (dx) (looo0o0) e
Vi - i = ]
MX VA1 t (kVM)__, (XM )(100000)
v/ k& VI kvM4)
VG 1) J VIikvmI =M ; X[ rvrd= XM
X[O‘J:O / X[Ic)(Mj.er lX[Io'OOOOD'cXW

v/ el=0 l VIikXm) =Vvm {V[/ooo007=0

—;:MA ks kv o oo o

"KXM~2 kxm-3 ... o
,KXM-3, kLSS kxm ZOIN’NY, a?/ Y

nb(d-_ﬂ) -+ VM = V(K]



C\é w)

(toovo0)

CJX):

Vo W/

VM~ - -~ S
“ T’ Ckvﬁ)_—; [__X.ﬁ"_—)(:ooooo)
Vikvmyy — VIkvm+r] KW,
Ve VIkvmI =M ; X[ kvrd= XM
X[o) =0 / X[ lexm) = % an lX[IoOOoo)=XW
v/iel=0 l VIkXmM) = Vi {V[/oooao);-O
o |
M X= Xn cg; © V/x\= -b(k)
AN
(es,-\[ Nkt 413 +v ke -1 =2V Ekxm] ]a — 3 (kxr)
(x>

V' kxy+ 1= v kxny-1]

W Xz xM J)\/ZX)—.O (s
/ ax 2

o ¥ e .
VEky+1Js VI kxmy-10 = vIkXM) — (,{()\‘?,(kf > o
fiov- ks KXM -2 KXy, — -

(%'3[ VIKyLY) + s/[/c7—(:.§\//,t-,+l))= __‘g[kf,)
Crats

Vi) = (YV IksD — VIk+2) — (ﬁz__?fi;_“) —(®)
& ;‘

Fov K= RM#2, kpy+3, - - -

= A VLS Y o e
(x>
(A Np—D —(o)
VIKI = (2\VIk=-1) ~VIk=-2) - LEsc\f:b =

(X

(Fexm) =

}_(_XFM 2 FEE Fnd : f'x:')') (100000

VIkxMY=vM ; XTkxm)= XM ;

ek fe kXM-Lk'XM-} .o

VIK] = (2) VIkt]-y( ko] - MX“M““““(M)
vy | -

k) fv[/rﬂj-v[k) /dy |
WIS ) dy (25
Door gy - (ww} 3 k)

""Uf*’)-wwm)/(c/
)
Check whetfem DVOX kY < Dw’x[k)k; olb 44

P M 3ky o w[kaégr)ﬁwm)

Dixy
ke $kS ko wiky. ~

b (YO8 i}
d /ob rzm) VA=Vl



T —
— —_— —
7{9"[ -UU-L k:kXM -/-2/ KXM'#‘S/_... ,

dxy ) (k-1)
Vlk]= [2) V[k-1) —v{k-2] - ( xéi)k -~

pvoxLk) = (VEK]~vik=1]) /dx

w9 ) Ly (555

PWOX (K] = [www LK) < wwew [r-1]) /(X )

(heck whether Dvoxlk) == pwmr[k)? 0hlen 2
— c/c//g)

jur* K2 S K loeovo W[K] r j;f ( ()

pr kems ks kz Wlk]s [ﬁﬁyfm)“’”z VK]
M —




Ciced
(loooo00)
Chvmd = 6_23:-,——) (1ecoc0)
x [ xvr)= XM

CJX)::

Vo W/
VM~ === a=2

VD VIikvmI =vm ;
|X[1000003=XW

{ v/ iooovo) = O

/X[IC'XI\D=XM
v/ol=0 [v[kxM)=VM

X[o)=0

- :
af X= XM, €,; d VxS _ _Newy
AN

(es,-\[ Nkt 413 +v ke -1 =2V Ekxm] ]: — 3 (kxr)
(exy~

W Xs XM cp\//)()‘O ;
h N gives

VEky+1Js VI kxmy-10 = vIkXM) — ‘(‘[f)\éf),(kfhd .
fov k= KXM -2 KXhp—y , — -

(& [ MIkvay ngsfg v//w)) - — 3 (k1)

VI s OV ke — viks2) — (4x5* D (kv 1 &

(&)
F"\/‘ K:%f’l/ kYM‘}‘;' ~ - -

(AxX)*

L yB

V' kxiy+ 1T v Lhxrg-1]

VIKI = (2\VIk=-1) ~VIk=-2) =

T3 kXM 2 I8 Fin3

( Xrt)

(k’fM>= (xw) (1aovoeN

—~—~

]{V‘[ 2 ek k:kXM-fz/ kXM'f‘S/-

VIkxMY=vM ; XTkxm)= XM ;

\____,_/"/—

VIk] = (2) v [k-) ~v(k-2] ~ ﬁ%é;&;{/iﬁ
Pox LK) = (VEKT~vik-1]) Jdx

i oy (£2)

pwX (k) = [www[k] Www [k—/)) (dy)
(he ok u[e?‘k_er bvox lk) 52 pwox LK) ¢ U[}(un' k2

SNy
wlk) = %T 1? dd(f))

jvr K2 S KS lovouy
' ddlB,
pr kS ks kz Wkl [r)lijf A ~VIk]

e

\/\-/‘




P+PNPsubP+ Double Junction Pinned Photodiode type Solar Cell
Virtual Phase_ Clock Operation_Scheme_became_possible_by Pinned Photodiode.pdf
[ .1 Pinned Photodiode type Solar Cell D¥fEf#IF CE5E.c

D(Xw
oxe V****************************************************************************

P+P-N-P-P+iEE B KIS OB ST 2023fFE8H22H 4:20 a.m.IRTE

X bR S LR LTS EEEEESESELEEEESESEEEEEEESEEEEESESEEEEESESESEEEEEESEEEEESSESEEESESESES

T oxn) D C S3E0D Code #F{TIBICIEATEEOMEB T LT txt J7M1ILHARHRETT,

D(X) = - Psub - DPB exp( - ( XW - X )?/ RPB”)
{ ZAn.txt, ZBn.txt,ZDn.txt,ZEn.txt }
+ DN exp(- (X - XN?) / RN?)

- DPP exp(- X?/ RPP?) - DP exp(- X?/ RP?) HEHEEE { Al.txt, A2.txt, A3.txt,,,, } [CHAOINFET,

XND XNS XN XPB XPD XPB xXw

. & b5 I EERSE DDDD(X)(D Graph Plot [ { a.html } [CHAZNhIET,

~ &/% \
Emf HIETEDE R, ESAIBEE vwWww(X)D Graph Plot (& { b.html } [CHAOZINZET,
Light —>
) - cRsRskskskohkokkskskskRsRskskskskoRkokskskshsksRsksksk sk RoRskshskchoksksk sk kR sk sk sk sk kR ok sk sk sk sk sk sk sk sk R R sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk R ok
int NX=1000000,NXM=100,Psub=160,DPP=1000000,DP=10000,DPB=10000000;
V(X) P+ P Psub P+ .
—wp double Esi=648,kT=0.025,VM=0.55,RPP=0.03,RP=0.2,RN=0.3,XN=0.3,RPB=0.5, XW=4;

iT©STPT T T T T YY" T TTTfTTfTT™TfTTTTTTT™T™TTTTTTTTTTTTTTTTTTTmT T ™

COFEHERENE B.txt [CREFINZET,
DN=4124 (DEF, XM=0.58935um VM=0.507012eV riEUEd,
DN=4400 (DEF, XM=0.58735um VM=0.538112eV ¢4WUET,
DN=4700 (DEF., XM=0.58611um VM=0.573492eV riUEd,

CERRRERERRRRRRRERRRRRRRRRRRRRRR R R R R R R R R R R R R R R R R R R R R R R R R RER



https://202011282002569657330.onamaeweb.jp/AIPS_Library/Virtual_Phase_Clock_Operation_Scheme_became_possible_by_Pinned_Photodiode_invented_by_Hagiwara_in_1975_TOP.pdf
https://202011282002569657330.onamaeweb.jp/AIPS_Library/2023_08_17_Pinned_Photodiode_type_Solar_Cell_PWD_283_478_291_664_895.c
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2023 08 08 Double #E&S Pinned Photodiode® XIGEMODERIA. pdf

Vool 0 |V (we|vzIVM vz [we2| v«] O
E] Vout =(Eg=Vou)

Wu 2(¥ D2 = %D1L)

L—-VP—JP—— Wf/-——ul Ece &y 00-£,00

d p' s.‘ "‘
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1‘ £ 5 e
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2023 08 11 Double ##& Pinned Photodiode® XBB&Ei! C Coding.c

Input Data
XW=120, Psub(SUB)=-100, DPP(NP1)=-1000000, RPP(RP1)=0.03,
DP(NP2)=-10000, RP(RP2)=0.2, RN(RN)=0.3, XN(XN)=0.3:
DN(NN)=4000, 4500, 5000

Output Data

NN=4000 VM=0.417368 VM-+kT*log(DDO/DD)= 0.492368 with kT*log(DD0/DD) = 0.075000
NN=4500 VM=0.502003 VM-+kT*log(DDO/DD)= 0.568268 with kT*log(DD0/DD) = 0.066265

NN=5000 VM=0.588711 VM-+kT*log(DDO/DD)= 0.648607 with kT*log(DD0/DD) = 0.059896

I VI for NN = 4382 VM= 0.549893 at XM=0.558137

0:55 @"""sssssEsEEEEEEEEEEEE .._. E for 0.50 <VIVI< 0.60
:| 4000 <NN <4700

0.50 Quusnsnnnn lt."""“

4000 ._4;00 5000 g N N



https://202011282002569657330.onamaeweb.jp/AIPS_Library/2023_08_11_数値計算モデル_不純物濃関数D(X)の初期設定値_PWD_993_749_218_427_325_A.c
https://202011282002569657330.onamaeweb.jp/AIPS_Library/2023_08_08_Double_接合_Pinned_Photodiode型_太陽電池の説明_PWD_993_749_218_427_325.pdf

lcm =10000um

@ D(X)>Psubnigd @ D(X)<—Psub®ifé
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( \ KODAK used LOCOS isolation which induced serious
THE PINNED PHOTODIODE FOR AN INTERLINE-TRANSFER CCD IMAGE SENSOR dark current and crystal defects degrading chip yield.

Poly-Si -/
B. C. Burkey, W. C. Chang, J. Littlehale, T. H. Lee, \
L n

T. J. Tredwell, J. P. Lavine, E. A. Trabka 0COS
)
Research Laboratories, Eastman Kodak Company p-
Rochester, New York 14650 p‘SUbﬂfQ'@
P+ )
28 — IEDM 84 CH2099-0/84/0000-0028 $1.00 © 1984 IEDM
\ } Fig. 1. Image cell schematic.

In this KODAK Pinned Photodiode IEDM1984 Paper, the Quantum Efficiency of 80% has been already achieved !

ABSTRACT

A pinned photodiode has been devel- 10'®
oped for use in an interline-transfer CCD.
This photoelement has excellent blue
response and high charge capacity. Both
modeling and experimental results will be
presented, including process considera-

‘ Pl;NEI; DIODE DOPING PROFILE
KODAK did not understand
the importance of the]
surface P+P peak
doping variation
to achieve the.-
400 nm ideal
blue light
sensitivity.

%

tions necessary to avoid unwanted barri-
ers at the diode/transfer-gate edge.

CONCLUSION

3

Both the excellent blue response and
high charge capacity of the pinned diode
have been demonstrated. The processing
of this device requires some care, how=-
ever, to avoid the formation of potential
barriers at the pinned diode/transfer-
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3
>
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for applications requiring good blue 400 800 0 700 800 $00 1000

response, large dynamic range, and no Boron Wavelength (nm)

image lag, The processing considerations Boron Phosphorus Substrate

should also apply to the virtual-phase 0" i ) y a + ‘. + Co Fig. 4. Pinned diode spectral quantum

cen. v gt & . efficiency. Solid and dotted
Distance (um)

curves are the experimental and
Fig. 2. Pinned diode doping profile. theoretical curves, respectively.
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Vout<0

Mel - [T [ Tre T M/ kT-0.0256V Vm = 0.550 VV
- Esi = 648 e/(volt - um) '
P kT In(Dpp/Dp) = 0.115 v

- Psub—lo Cm /’ (1+Dp/Dn)—125
D(X) = - Psub - DPB exp( - ( XW - X )’/ RPB®) D = 10 Cm
+ DN exp( - ( X - XN?) / RN?) PP glves Qn /( 2 ngsl ) 0 348 V
Dp €si = 6.48 x 10° V cm

~ DPP exp(- X?/ RPP?) — DP exp(- X?/ RP?)

D x> (\Drrf"r’ x’:.,,x,», “ff:ﬂfﬂ»} XW, Ppek, Dy ) Qn = Wn Dn Q . 4 1 10 -4
p’i ] ‘_ 3 n=4.51 x cm

. 11 -2

44— Qn=1212 x10" cm

D(XN)

Dn —4x10 cm
Wh = Qn/Dn=0.53 um

2023%F8H17THD EF A&
Pinned Photodiode type Solar Cell O#UEf#rDFRET A 2023 08 17.mp4

FICRTRREBHLE T, 8H18HARE
Pinhed Photodiode type Solar Cell O#Ef#E{r.mp4

Pinned Photodiode type Solar Cell O#Ef#Etr.pdf

(Vo5 '\CX, KSD (- ) =(Z22) (="

(1% - (~—€x~ 43 (- - (25 (%= | Pinned Photodiode type Solar Cell Q#EfEir CE:5.cC



https://202011282002569657330.onamaeweb.jp/AIPS_Library/2023_08_17_Pinned_Photodiode_type_Solar_Cell_PWD_283_478_291_664_895.mp4
https://202011282002569657330.onamaeweb.jp/AIPS_Library/2023_08_17_Pinned_Photodiode_type_Solar_Cell_PWD_283_478_291_664_895.pdf
https://202011282002569657330.onamaeweb.jp/AIPS_Library/2023_08_17_Pinned_Photodiode_type_Solar_Cell_PWD_283_478_291_664_895.c
https://202011282002569657330.onamaeweb.jp/AIPS_Library/Virtual_Phase_Clock_Operation_Scheme_became_possible_by_Pinned_Photodiode_invented_by_Hagiwara_in_1975_TOP.pdf
https://202011282002569657330.onamaeweb.jp/AIPS_Library/2023_08_17_Pinned_Photodiode_type_Solar_Cell_PWD_283_478_291_664_895_2023_08_17.mp4

P+PNPsubP+ Double Junction Pinned Photodiode type Solar Cell

Virtual Phase Clock Operation Scheme became possible by Pinned Photodiode.pdf

Vout<0

Wl 0 0 " .1 kT = 0.025 eV Vm = 0.550 V
v Esi = 648 e/(volt * um) '
I D e I kT In(Dpp/Dp) = 0.115 v
D(X) jo(xm h PSUb B 10 Cm / (1+ Dp/Dn ) =1.25
D(X) = - Psub - DPB exp(~ ( XW - X )*/ RPB®) D = 10 Cm
S5 B 1 DI:)pz 101%m'3 gives Qn /( 2 Dpé€si) 0 348 V
e e WaD Dp £si = 6.48 x 10 V'om
S ;, — n =untin Qﬁ =451 x 10 cm B
Vout<0 —//_\ 15 3

Dn =4x10 cm
Wh = Qn/Dn=0.53 um

2023%F8H17THD EF A&
Pinned Photodiode type Solar Cell O#UEf#rDFRET A 2023 08 17.mp4

e- e-e e
L <

7
Light o—

— Qn=212 x10" cm?

V(X)

s ->—
/a
o- - i e =
\\//— EcO
e- H
ig tf, > ight
ur= H
e- B E

Vm~ kT In(Dpp/Dp) + (1 + Dp /Dn) * Qn%( 2 Dpesi)



https://202011282002569657330.onamaeweb.jp/AIPS_Library/Virtual_Phase_Clock_Operation_Scheme_became_possible_by_Pinned_Photodiode_invented_by_Hagiwara_in_1975_TOP.pdf
https://202011282002569657330.onamaeweb.jp/AIPS_Library/2023_08_17_Pinned_Photodiode_type_Solar_Cell_PWD_283_478_291_664_895_2023_08_17.mp4

Double B Pinned Photodiode N XN tORE7 a4 X  Step02

. Mask 01
:wﬁ&N'ﬁﬁﬁgﬁi (Y04 X 4THAH)

(2)

Qn=2.1x10"m’
\' Psub

= kT = 0.025 eV
—\\/n—> €si =648 e¢/(volt - um)

Psub = 1014cm_3

4 VX

N(X)« Ns expl « (X-X'e)z" Rn“ ) 18 -

e ”p' Dpp =10 cm 3

Ns«d4x10 cm”® <G —— 16 -3

Xn= 0.3 um Dp =10 cm
ke Qn — Wn Dn
0 X X 15  _3

0.3 um Dn =4x10 cm +—
——ee>\\/n = ONn/Dn= 0.53 m
Qn=212 x10" cm? Qn/ K

Wh = Qn/Dn=0.53 um
Dn - 4 x 10°cm® Vm~ kT In(Dpp/Dp) + (1 + Dp /Dn) * Qn%( 2 Dpesi)



Double I8 Pinned Photodiode M ARt O 7 04 X Step07

[) REP+MEBE  tavo4752%) Mask 03 12 2
(7 wi Qpp=2.7x10" cm
Psub P+ kT = 0.025 eV
€si =648 e/(volt -+ um)
—J Psub = 1011:cm_3
Dpp =10 cm™
s PP(X)= Pss oxp( - X/ RS ) Dp — 10 %m=3
l:s :)O;Zcm, — Qn _ Wn Dn
pp= O Um
Dn —4x10 cm’
0 X Wn = Qn/Dn=0.53 um

Vm~ kT In(Dpp/Dp) + (1 + Dp /Dn) * an/( 2 Dpé€si)



Double & Pinned Photodiode ¥ XM tnORE7 04 X Step06

R PRI X

(KA DA X 1T5A%)

P N Psub P+

P(X)~ Ps oxpl « X) R.’ )

Ps 10“0“) —
Re» 03 um

* X

-2
Qp=2.7x10"m

kT = 0.025 eV
€si =648 e/(volt -+ um)
Psub = 1014cm_3

18
Dpp = 10 cm™
Dp =10 cm? +—
P
On - Wn Dn
Dn —4x10 cm®
Wn = Qn/Dn=0.53 um

Vm~ kT In(Dpp/Dp) + (1 + Dp /Dn) * an/( 2 Dp€si)



DD(X) « In( D(X)/Psub ) +1 for D (X) > Psub;
DD(X) = = In(- D(X)/Psub ) -1 for D(X) < - Psub ;
DD (X) DD(X) = D(X) for - Psub<D(X) < Psub :

Graph@OSil { Xmin =0, Xmax = 2, Ymin = -5, Ymax = 15 )

e

-

‘/ AT NX=1009 Nsub=100 NOs~4000 Nas=10000 Nass = 1000000 |

double WFe29 WO=D. 3 Rded 3 RasD. 2 Raasd. . 0),;

Qouble amined_ umaxe2 _ynine -5 ymax«31%,

vole sopeiwid) [ D = Mol - s teepd (RO AR )
- Nartawpl CRTRIRAIRa) w Nartewnpl AR Ran b )
uhle Farii I AP, donle = ) 1L 1% A" naa®) retwrn B, Ren, el ),

A% L O » W ) L 00 = LagiO/mesli) = 3 returs 0,)

AP C B v « W D L DO s - 1L Bt - ) Jretern D)

DO/ Naah ., retern O, )




Vout<0

Vout<0

P+PNPsubP+ Double Junction Pinned Photodiode type Solar Cell

Virtual Phase Clock Operation Scheme became possible by Pinnhed Photodiode.pdf

= Physical Model of Metal
D(Xw)

230 Vout =(E5 — 15
W o D2 — >DL)

Al e’ + /
AR Bl AL i ,” e
\o/ &7 (o - Ve WL WP'—+_—_ “,’ | Eg=Ev =
X v . : :
g S KAg

h e %)
'ha:i weapd ¢

D(XN)

D(X) = - Psub - DPB exp( - ( XW - X )%/ RPB?) Physical Model of

N-type Semiconductor

+ DN exp(- (X - XN?) / RN?) . -
2 2 2 22 e E, /g L
—~ DPP exp(—- X?/ RPP°) —DP exp(—-X?/RP?) g5 ‘l@:ﬁf
2 A "
XND XNS XN  XPB XPD XPB XwW -6t Playind Moobd Fous tlofe
: : : : : : ;X Y Tewonde G
: : '. ° ;/ iy ¢ A
;c:(—) 5 Physical Model of
Efn P-type Semiconductor
Light —>

Efp e- e~ ﬂglﬁ;“’% X irle
G2 S = Mles 1) " hele
Ev(X) ]//;su sn\ /a__ TTT S @
5 B

b=+ Si Si+ - - i
a2 Pupicd Ml
7.7%”.5./ g Pt Semitumdaits
g B

V(X) .
e 20238A17ARE

e S ee o e :/ — Pinned_Photodiode_type_Solar_Cell . mp4

N W naany "5, DBUERRHT.mp
Vout‘oug'.‘f . G !LightLp! L;gh“_:), ] - i
J_Em\ S P T ) Pinned_Photodiode_type_Solar_Cell DZYEf#r. pdf

st _:M/ - T
voo [ F . o Pinned_Photodiode type Solar Cell Q#EfEiF C=5E.c



https://202011282002569657330.onamaeweb.jp/AIPS_Library/2023_08_17_Pinned_Photodiode_type_Solar_Cell_PWD_283_478_291_664_895.mp4
https://202011282002569657330.onamaeweb.jp/AIPS_Library/2023_08_17_Pinned_Photodiode_type_Solar_Cell_PWD_283_478_291_664_895.pdf
https://202011282002569657330.onamaeweb.jp/AIPS_Library/2023_08_17_Pinned_Photodiode_type_Solar_Cell_PWD_283_478_291_664_895.c
https://202011282002569657330.onamaeweb.jp/AIPS_Library/Virtual_Phase_Clock_Operation_Scheme_became_possible_by_Pinned_Photodiode_invented_by_Hagiwara_in_1975_TOP.pdf

V****************************************************************************

P+P-N-P-P+iESRIK G E DB SRR 2023F8H17H 22:30 p.m.IR7E

***************************************************************************;

Vout<0 E '
#include <stdio.h> P+ P_: | N i Pous
#include <math.h> D(0) ' S ' ;

Load

FILE *fpA; 1 , L .
FILE *fpB; Pte P S\&NS ixm 6 Psub
FILE *fpC; XPS XND N XPB  XPD
FILE *fpD; D(X) DIXN)
ShbE e D(X) = - Psub - DPB exp( - (XW - X )/ RPB")
char a,s,c; + DN exp(- (X - XN*) /RN?)

~ DPP exp(— X?/ RPP?) — DP exp(- X?/ RP?)

f***************************************************************************

SET7INTVRL
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/*****************************************************************************

Step One : THPEEDFHEE ddd(X) #E&=L . NUVEEBEE wWww(X) DEZKHSB,

R RSS2SR SRS EEERESESEREEEEESERS

(00) X [0, WX] DEFET, BB ddd(X) DEZEET 2.

(01) X=XW; Compute ddB=ddd(X);

(02) X=8; Compute ddS=ddd(X);

(03) Set WWW=100 and dWdX=0;

(84) if(D(X)<Psub) { Compute WWW=kT*log(ddS/ddd(X)) ;
(05) Compute dWdX = - kT*(dD(X)/dx)/ddd(X) ;}
(06) X=X+dX;

(07) if(X>XwW) goto (11)

(e8) goto (©3);

******************************************************************/
int NX=1000,1i,Psub=100,DPP=1000000,DP=10000 ,DN=4400,DPB=10000000;
double kT=0.025,RPP=0.03,RP=0.3,RN=0.3,XN=0.3,RPB=0.5,XW=10;

double dx,X,ddsS,ddB,ddd, Wi, dwdX;

/******************************************************************/
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Step One : FHPEEDHREBEH ddd(X) &=L NUTVEEBE wWwW(X) DEZKHS,

EE S S S E SR SEEE S S S E LSS S S S S S S SIS S FEIZEE S TSRS EES S

void DOPE(void) { ddd = - Psub - DPP*exp(-X*X/RPP/RPP)

Paub [ P+
D(XW)

- DP*exp(-X*X/RP/RP)

+ DN*exp( - (XN-X)*(XN-X)/RN/RN)

D(XN)
D(X) = - Psub - DPB exp( - ( XW - X )?/ RPB?)

- DPB*exp( -(XW-X)*(XW-X)/RPB/RPB); }
+ DN exp(- (X - XN?) / RN?)

~ DPP exp(- X%/ RPP?) — DP exp(- X?/ RP?) void Barrier(void) { DOPE( ); WWW = 1 + ddd/Psub;
o j-/e. — if( WWW < © ) { WWW=18@; return;}
Vout<0 Qﬁ_é\ /./Ve‘-_‘-_E_c_(eX—)_e_/ ~
‘ﬁ,- e-e- 3— = e-0-e-e- ,Te-s- e-_6- 'e» Efn — * - .
Li“hﬂl;; I;UKO Lig_hn")' Light —> WWW=KT 1Dg( ddd/JPSUb )_, }
! SI‘Si:\,Si‘ -\ ......... Sll—_E.vg() S“]/;sn :}\ al
> void DWDX(void) { Barrier( );if( WwWW > 99 ) { dWdX=0; return;}
VX) P+ P N Psub P+
S VD — dwWdX = 2*DPP*X*exp(-X*X/RPP/RPP)/RPP/RPP
> + 2*DP*X*exp(-X*X/RP/RP)/RP/RP
, - 2*DN* (XN-X)*exp (- (XN-X)*(XN-X)/RN/RN)/RN/RN
A
+ 2*DPB* (XW-X)*exp (- (XW-X)*(XW-X)/RPB/RPB)/RPB/RPB;
VOO P+ P N Psub P+
| A

DOPE( );dWdX = -kT*dwdX/ddd;}



f******************************************************************

Step Two :  VM1<VM<VM2 & XM1<XM<XM2 D¢ CmaiEszdKehd,

R S S SRS ES SR EES ST EEESEETEEEEEEEEEREE TS

(11) Find ©<XPN<XM1 such that D(XPN)=9;

(12) Find XM2<XNP<XW such that D(XNP)=0; %
ool Al e O oW

(13) VM=VM1; %;Z:~é g I s e O lé L

(14) X=XM1; I N

(15) Compute V(X) ; Pg I R N

(16) Compute dV(X)/dx ; voo|Pt P " P S

(17) Check if ( dV(X)/dx == dW(X)/dx) ) =

(18) if yes, goto (21); 2
(19) X=X-dx; )

(20) if(X>@) goto (13); vouse, L] | yewol | .
(21) Error_Stop; = ” -
(22) VM1=Vm-V(X)+W(X);

(23) X1=X;

******************************************************************f

double XPN,XNP;



/*******#**********************************************************

(24) X=XM1;

(25) Compute V(X) ;

(26) Compute dV(X)/dx ;

(27) Check if ( dV(X)/dx == dW(X)/dx) )
(28) if yes, goto (32);

(29) X=X+dx;

(39) if(X<XW) goto (25);

(31) Error_Stop;

(32) VM2=Vm-V(X)+W(X);
(33) X2=X;

23S 2SS RS EEESRR ST E SRR

K**************************************************#

(34) Error=(VM2-VM1)*(VM2-VM1);
(35) if(Error < Zero) goto (40);
(36) VM=VM+dVM;

(37) if(VM<VM2) goto (14);

(38) Error_Stop;
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(40) Printout XM,VM1,VM2; — —e ;/ .
(41) for @<X<XW plot D(X),V(X): . S
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Physical Model of Metal

Al /2' AR had -2 AL € i/
\9 Wo (ho -0 e Wt wy®
a4 “?F" >

h e

Physical Model of
N-type Semiconductor

ﬂﬁz’gc UAS_; Ag te
G o«N st,u..,e,w«

o Ey f%ﬂu’ o,

A ’t},._g Sai onde

Physical Model of
P-type Semiconductor

‘J—Pufwa
Bublfes 7 A’ lo

Si+h,

— = - —wsten”
‘ E./ 'd: ‘;;{::;:J:'ib.‘:wd‘m‘t
$* s:




P+PNPsubP+ Double Junction Pinned Photodiode type Solar Cell
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Conventional Floating-Surface N+NPsubP+ Single-Junction type Solar Cell
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Input Data

XW=120, Psub(SUB)=-100, DPP(NP1)=-1000000, RPP(RP1)=0.03,
DP(NP2)=-10000, RP(RP2)=0.2, DN(NN)=4000, RN(RN)=0.3, XN(XN)=0.3:
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For WF=20.0008080 SUB=-1066 NN=4666 RN=0.3060080 XN=0.300000
NP1l=-10080808 NP2=-10000 NP3=-1000800 NP4=-10000
RP1=0.0630080 RP2=0.200080 RP3=0.06300600 RP4=0.200000,
the minimum voltage is VM=0.417368 volt

at the silicon depth XM=8.555288 pum.

Depletion Width from the Silicon Surface (X=0) is

between XD1=0.8653248 um and XD2=2.986668 um
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Input Data
XW=120, Psub(SUB)=-100, DPP(NP1)=-1000000, RPP(RP1)=0.03,
DP(NP2)=-10000, RP(RP2)=0.2, RN(RN)=0.3, XN(XN)=0.3:
DN(NN)=4000, 4500,5000
NN=4000 VM=0.417368 VM-+kT*log(DD0/DD)= 0.492368 with kT*log(DD0/DD) = 0.075000
NN=4500 VM=0.502003 VM-+kT*log(DD0/DD)= 0.568268 with kT*log(DD0/DD) = 0.066265

NN=5000 VM=0.588711 VM+kT*log(DD0/DD)= 0.648607 with kT*log(DD0/DD) = 0.059896
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NN=4000 VM=0.417368 VM+kT*log(DD0/DD)= 0.492368 with kT*log(DD0/DD) = 0.075000
NN=4500 VM=0.502003 VM-+kT*log(DD0/DD)= 0.568268 with kT*log(DD0/DD) = 0.066265

NN=5000 VM=0.588711 VM-+kT*log(DD0/DD)= 0.648607 with kT*log(DD0/DD) = 0.059896
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Input Data
XW=120, Psub(SUB)=-100, DPP(NP1)=-1000000, RPP(RP1)=0.03,
DP(NP2)=-10000, RP(RP2)=0.2, RN(RN)=0.3, XN(XN)=0.3:
DN(NN)=4000, 4500, 5000

Output Data

NN=4000 VM=0.417368 VM-+kT*log(DDO/DD)= 0.492368 with kT*log(DD0/DD) = 0.075000
NN=4500 VM=0.502003 VM-+kT*log(DDO/DD)= 0.568268 with kT*log(DD0/DD) = 0.066265

NN=5000 VM=0.588711 VM-+kT*log(DDO/DD)= 0.648607 with kT*log(DD0/DD) = 0.059896

I VI for NN = 4382 VM= 0.549893 at XM=0.558137

0:55 @"""sssssEsEEEEEEEEEEEE .._. E for 0.50 <VIVI< 0.60
:| 4000 <NN <4700
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P+PN-PP+ Double junction Pinned Photodiode Type Solar Cell
Step01 Start P- type substrate wafer :_>a




P+PN-PP+ Double junction Pinned Photodiode Type Solar Cell
Step02 Surface SiO2 :—>a
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P+PN-PP+ Double junction Pinned Photodiode Type Solar Cell
Step03 Back Side P+ Diffusion —a




P+PN-PP+ Double junction Pinned Photodiode Type Solar Cell
Step04 Front Side P+ Diffusion —d
Mask 01




P+PN-PP+ Double junction Pinned Photodiode Type Solar Cell
Step05 SiO2 Etching — 3




P+PN-PP+ Double junction Pinned Photodiode Type Solar Cell
Step06 SiO2 Formation —d
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P+PN-PP+ Double junction Pinned Photodiode Type Solar Cell
Step06 SiO2 Formation —d
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P+PN-PP+ Double junction Pinned Photodiode Type Solar Cell
Step07 Center Outlet N+Diffusion —d
Mask 02




P+PN-PP+ Double junction Pinned Photodiode Type Solar Cell
Step 08 N Buried Region (First lon Implantation) —3




P+PN-PP+ Double junction Pinned Photodiode Type Solar Cell
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Step 09 Surface P Region (Second lon Implantation)




P+PN-PP+ Double junction Pinned Photodiode Type Solar Cell
Step 10 Surface P+ Region (Third lon Implantation) —3

Top View




P+PN-PP+ Double junction Pinned Photodiode Type Solar Cell
Step 11 SiO2 Formation — 3




P+PN-PP+ Double junction Pinned Photodiode Type Solar Cell
Step 12 SiO2 Contact Windows




P+PN-PP+ Double junction Pinned Photodiode Type Solar Cell
Step 13 Metal Wire

Top View




P+PN-PP+ Double junction Pinned Photodiode Type Solar Cell
Step 13 Metal Wire

Top View




P+PN-PP+ Double junction Pinned Photodiode Type Solar Cell
Step 13 Metal Wire




P+PN-PP+ Double junction Pinned Photodiode Type Solar Cell
Step 13 Metal Wire




P+PN-PP+ Double junction Pinned Photodiode Type Solar Cell
Step 13 Metal Wire




P+PN-PP+ Double junction Pinned Photodiode Type Solar Cell
Step 13 Metal Wire




MP4 Video on
Complete Charge Transfer Operation of Pinned Photodiode

Virtual Phase Clock Operation Scheme became possible by Pinned Photodiode invented by Hagiwara in 1975.mp4

Virtual Phase Clock Operation Scheme became_ possible by Pinned Photodiode invented by Hagiwara in_1975.pdf

See three Japanese patent applications filed by Hagiwara in 1975
JPA1975-127646, JPA1975-127647 and JPA1975-134985.

V2 s Vi Vi Vi V2 Vi Vi Vi Ve Vi V2 Vi Via

The 1975 Invention of Pinned Photodiode hinted the2020 invention of

P+PNPP+ Double Junction Pinned Photodiode type Solar Cell
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( \ KODAK used LOCOS isolation which induced serious
THE PINNED PHOTODIODE FOR AN INTERLINE-TRANSFER CCD IMAGE SENSOR dark current and crystal defects degrading chip yield.

N Poly-Si -/
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L n

T. J. Tredwell, J. P. Lavine, E. A. Trabka ‘j
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Rochester, New York 14650 2 p‘SUb"fO'Q |
28 — IEDM 84 CH2099-0/84/0000-0028 $1.00 © 1984 IEDM :
\ } Fig. 1. Image cell schematic.

In this KODAK Pinned Photodiode IEDM1984 Paper, the Quantum Efficiency of 80% has been already achieved !

ABSTRACT

A pinned photodiode has been devel- 10'®
oped for use in an interline-transfer CCD.
This photoelement has excellent blue
response and high charge capacity. Both
modeling and experimental results will be
presented, including process considera-

‘ Pl;NEI; DIODE DOPING PROFILE
KODAK did not understand
the importance of the]
surface P+P peak
doping variation
to achieve the.-
400 nm ideal
blue light
sensitivity.

%

tions necessary to avoid unwanted barri-
ers at the diode/transfer-gate edge.

CONCLUSION

3

Both the excellent blue response and
high charge capacity of the pinned diode
have been demonstrated. The processing
of this device requires some care, how=-
ever, to avoid the formation of potential
barriers at the pinned diode/transfer-
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3
>

S hrih | 1 1 " 1 1

gate edge. This photoelement is ideal

for applications requiring good blue 400 800 0 700 800 $00 1000

response, large dynamic range, and no Boron Wavelength (nm)

image lag, The processing considerations Boron Phosphorus Substrate

should also apply to the virtual-phase 0" i ) y a + ‘. + Co Fig. 4. Pinned diode spectral quantum

cen. v gt & . efficiency. Solid and dotted
Distance (um)

curves are the experimental and
Fig. 2. Pinned diode doping profile. theoretical curves, respectively.
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CHrRONOLOGY OF SiLicon-BASED IMmaGeE

Electron Fog

Figure 1: The drift-field transistor for high frequency operations, invented by Herbert
Kroemer in 1953.
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Yoshiaki Daimon Hagiwara, IEEE Life Fellow
Sojo University, Kumamato-city, Japan
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Figure 2: Reproductions from the Japanese Patent Applications of (a) the N+N-P+NP-P triple junction PPD, (b) the N+N-P+N double junction PPD,

and (c) the PNP double junction PPD.
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Type (B3) Active Pixel Backlight CMOS Image Sensor
with the N+ diffusion buffer memory for Global Shutter
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nt Ampl f typ
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a very long N+ diffusion region as
Source Follower Amplifier Output Resistor (Rout).
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MOS Capacitor Buffer Memory
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(A1l)] Imager Sensor
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before 1966

Active MOS
Imager Sensor
Invented by
Peter Noble

in 1966
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Pinned Photodiode was invented in 1975.
See JPA1975-127646, JPA1975-127647 and JPA1975-134985.

P+PN-PsubP+ Double junction Solar Cell was invented on Aug 1 2020.
lfwd See JPA1975-131313

I Light Wafer must be thinned within 20 um thick
in order to reduce the substrate resistance
_ Aiw while N- region has effectively zero resistance.
— Si02
I;—— h+ “WWA V1 +— h+ E+ h+ <«— -WWA-V2  h+ h+| . ‘
H___e +
\ e- — e- N- Rn-~ Q = |solar Cell e- —> %Rom
Pinned Photodiod |
Inve:]cgz in 19())72 blg Seony < 2%’“ m PSUb§ RSub Ifwd
P+
lsotarcetl = Iny +  lwd — ltwd = lo Exp( - Ec/KT ){ exp(-V/KT) -1}

Potential drop (0<V1<V2) in the surface P+ region gives a bult-in electric field in the N-region which accelerates photo electrons to the N+ outlet diffusion region.



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.

&

Mamum Potental (voit)

Caltech 1975 PhD Thesis Yoshiaki Daimon Hagihara.pdf



https://202011282002569657330.onamaeweb.jp/AIPS_Library/Caltech_1975_PhD_Thesis_Yoshiaki_Daimon_Hagihara.pdf
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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 um may contribute to the solar cell
efficiency if we can control the side edge ?

2.4
2.3
2.2
2.1 .
2.0 § For Silicon Crystal
1.9 Photo_n energy less than 1.11 eV Completely Depleted
1.8 with the wave length ~ Buried N- Region with —
1.7 longer than 1.12 um Li ht Empty Potential Well -
1.6 cannot be converted to &
1.5 Electric Energy
1.4 . .
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06l = the solar cell efficiency.
Aph 05]: Incident Sun Light
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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

P+ | P-| N-| P-| N-| P-| N-| P+| P P+ __I
gLE

............................ ‘_i’




https://en.wikipedia.org/wiki/Drift-field transistor

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

T [ T T

Metal
L
T

SEEEnEn
<
0
"EEEEEn

The N+ collector region
has very few holes.

Emitter
e- e-e-e-

@
|

.ll..'..l...‘l...l...
L

— W".

>0
Base VcCollector

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

When no bias and Vbase =0 V, Collector
VB = EGc = 1.1 eV and the NPN Tr \
is off with no collector current.


https://en.wikipedia.org/wiki/Drift-field_transistor

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

Wide Band Semiconductor Medium Band Semiconductor Narrow Band Semiconductor
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~39% achieved ...
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/ Output Voltage ~ V14V24V3 Qutput Current = Min ( 11,12,13)
A pd=Light Penetration Depth in Si Crystal

A3 e N\ = .
z - A pd

20

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

A ph=Photon Wave Length Aph~ — + 0.3
04 0703 1011 1.3 1.9 2.2 2.5

Aph= 1.24 (um - eV) / Photon Energy (eV)
4—’. Q—b- H

Y1 Y2 Y3 Y4 Y5 Y6 Photon Wave Longth(um) Aph —

Relative Photon Power (W/um )

(in)GaPAs




https://en.wikipedia.org/wiki/Shockley%E2%80%93Queisser limit

Light

=

Black Body
Ts=6000"K

Ps = 21rlz/c'3f vdv/[ exp(hv/kT,)—1]
0

T f Cexp(hv/ET.)—1Tv*dy

(}“’9 )Qs

(Solar Cell Efficiency ) ~
Ps

Shockley-Queisser Limits (universitywafer.com)

Earth
Air

(hv,) (21r/c2)f Cexp(hv/kT,)—1 1 "vdv
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dian I Loadl
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s — velr
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E,=hvo=gV,
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Frc. 1. Comparison of the “semiempirical Lmit" of efficiency

of solar cells with the “‘detailed balance limit," derived in this

r. + represents the “hest experiment efficiency to date™ for
silicon cells, (See footnote 6.)


https://www.universitywafer.com/what-is-the-shockley-queisser-limit.html#:~:text=The%20Shockley-Queisser-limit%20is%20a%20theoretical%20limit%20for%20solar,those%20with%20the%20lowest%20amount%20of%20spectrum%20loss.
https://en.wikipedia.org/wiki/Shockley%E2%80%93Queisser_limit

https://en.wikipedia.org/wiki/Shockley%E2%80%93Queisser limit

Shockley-Queisser Limits (universitywafer.com)

Light
Ps
Black Body
Ts=6000"K

Earth
Air

Qs lsc_.> V>O

Light

i [ Load]
Black Body p— B—
Ts=300°K

The Shockley-Queisser limit only applies to conventional solar cells with a single p-n junction;
solar cells with multiple layers can (and do) outperform this limit, and so can solar thermal

and certain other solar energy systems. In the extreme limit, for a multi-junction solar cell
with an infinite number of layers, the corresponding limit is 68.7% for normal sunlight,!*] or

86.8% using concentrated sunlight[S] (see solar cell el‘ﬁciencx!.


https://www.universitywafer.com/what-is-the-shockley-queisser-limit.html#:~:text=The%20Shockley-Queisser-limit%20is%20a%20theoretical%20limit%20for%20solar,those%20with%20the%20lowest%20amount%20of%20spectrum%20loss.
https://en.wikipedia.org/wiki/Shockley%E2%80%93Queisser_limit

Pinned Photodiode was invented in 1975.
See JPA1975-127646, JPA1975-127647 and JPA1975-134985.

P+PN-PsubP+ Double junction Solar Cell was invented on Aug 1 2020.
lfwd See JPA1975-131313

I Light Wafer must be thinned within 20 um thick
in order to reduce the substrate resistance
_ Aiw while N- region has effectively zero resistance.
— Si02
P<—— h+d L SWWA-V1 +— h+ E+ ht <— WWA-V2 N+ h+| . ‘
H___e +
\ e- — e- N- Rn-~ Q = |solar Cell e- —> %Rom
Pinned Photodiod |
Inve:]cgz in 19())72 blg Seony < 2%’“ m PSUb§ RSub Ifwd
P+
lsotarcetl = Iny +  lwd — ltwd = lo Exp( - Ec/KT ){ exp(-V/KT) -1}

Potential drop (0<V1<V2) in the surface P+ region gives a bult-in electric field in the N-region which accelerates photo electrons to the N+ outlet diffusion region.



(QE) can be as large as 80% !!

When Vmax — - Eg/2.
Power out— - Vmax lsc

la = lo exp(- Ec/kT){ exp(- V/kT) -1}

Power Output)=(-VILL )=(-V) (Isc -ld |

d(Output Power) /dV = 0 gives

(Power Output) max
(1sc) (Vrax /KT )

1- (Vmax /KT ) — exp( Vmax/kT)




Solar Power = (Is¢)(-V)

-~ ' V4 OUtpUt Power - (IL) (-V) la = lo exp(- EG/kT){ exp(- V/kT) - 1}
- :
i Solar Current (Isc) = (IL) + (la) :

& th o V <0 :

la = lo exp(-Ec/kT){ exp(- V/kT) -1}

d(Output Power) /dV = 0 gives

(Power Output) max
(1sc) (Vimax /KT )

1+ (Vmax /KT ) — exp(—Vmax/kT)
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“Chronology of Silicon-based Image Sensor development”- Y. D. Hagiwara.pdf
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ICCCAS2023 Conference paper on "AIPS with Pinned Buried Photodiode used for Robot Vision and Solar Cell Panel"

ICECET2021 Paper61 html ICECET2021 Paper?75 html
P2021 I]JSSA2021 Paper 20210616 on_Electrostatic and Dynamic_Analysis of Pinned Photodiodes.pdf

P2021 IJSSA2021 Paper 20210616 on Electrostatic and Dynamic Analysis of Pinned Photodiodes.html

P2020 EDTM2020 PaperID 3C4 by Hagiwara 4 pages.pdf

EDTM2020 Paper on the P+PN+P Junction Pinned Photodiode and Schottky Barrier Photodiode.html

P2019 3DIC2019 Paper_on_3D_ Pinned Photodiode 6 pages.pdf
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