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Happy birthday, Yoshiaki!

On this special day, we'd like to celebrate you, a wonderful member of our IEEE CS
community whose support and contributions are what keeps us going. With our drives
Zipping away at full speed to keep up, we wish you a most happy birthday.

When compiling your program of fun things to do today, we hope you will count our
gift in that number: an article we chose from our CSDL just for you, "You make me
happy: Using an adaptive affective interface to investigate the effect of social
presence on positive emotion induction”.

DOWNLOAD 'YOU MAKE ME HAPPY' PDF

We learned in this article that our happy moments are quantifiably even happier when
experienced with friends, which is why we're sharing it with you--because that makes
us happy!

Your friends here at IEEE CS look forward to fostering technological innovation for the
benefit of humanity with you now and in the future, this year and for many years to
come. So here's to you.

Have a happy, happy birthday.

1EEE
Best regards, @ COMPUTER
.| SOCIETY

The IEEE Computer Society Team

© 2025 IEEE Computer Society | Contact Us | Privacy Policy
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Who Invented Pinned Photodiode ?

The evidence is given below by the patent application sheet
Hagiwara at Sony invented Pinned Photodiode on March 5, 1975.

%M BRI

EHNH - PAT B ]

AR ane (




|EEE Journal of Solid-State Circuits, VOL.SC11, No.4, October 1976.
" 128-Bit Multi Comparator”

Carver Mead Awarded Kyoto Prize by Inamori Foundation - www.caltech.edu

[(RéfEad=edE] h—J7— - =— R [1BiEmDRM A4S T
Pinned Surface Completely Depleted Buried Channel Double Junction type Solar Cell.pdf
Fvidence that Hagiwara at Sony invented Pinned Buried Photodiode in 1975.pdf

—
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5. P+PNPP+ double junction solar cell with pinned-surface and pinned empty-potential-well
(@) e m—
Tandem type . ﬂ N p
1\7,7;;7 P— WD — o inne
» 1975EDSONY () DRHA Cighsa
e . A7 _
‘ N\77/T

Light

Face-to-face Type

PD2
u ' | Large Area
Light >
PD1
vout ¥ : v T [sof 88 [ o o [RRT 4 v
“Vour< 0 Vo< 0
_ small Area — [ ] L
Vout
Light :> M M M Ught
Vo< 0
P P+ PD1 PD2 1 r .
3 € tond
o
Tees e X
e =L
015

Figure 16. Two types of Double Junction Solar Cells in comparison.
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Highlights:

Semiconductor band theory of silicon-based double and triple Junction type photodiodes.

Electron/hole pair separation enhanced by surface conduction band bending in surface P+P hole

accumulation region.
Energy spectrum density and penetration depth of Sun light into silicon crystal.

Maximum Power Tracking Technology (MPTT) on pinned-surface double-junction photodiode
type solar cell.

Floating-surface hole/electron recombination loss of the conventional single junction type solar cell.
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DP=10"cm” for O, ~2000cm;|  Rs = (p) (Thickness)/(Area) ;

..... CLLTLT

Super High Resistivity P-type Silicon Wafer
Thickness P
I S

Impurity Atom Density Resistivity N-type Resistivity P-type

16 -3

10 cm O ~0.50Qcm ,Op 1 Qcm
15 -3

10 cm P, ~50cm pp ~ 10 Qcm
14 -3

10 cm Pn ~50 Qcm 0 p ~ 200 Qcm

For P-type silicon chip with thickness 200 y m and Areal cmx 1 cm,
Rs ~ (200 1 m) (2009cm)/(108,u m2) =4Q ;

For Area (1 cmx 1 cm ) and Thickness (200 ym ),
P-type silicon wafer has the substrate resistance Rs~4Q.



Band Diagram of Photo Electron Fog (e-) and Hole Fog (Si+) Maximum Depletion Width WD is only about 2pum.

with

Band Bending Effects of { VBP=(KT) In(P+/P) ; VBN=(KT) In(N+/N) ;} lght
X=X) : \
gt [ ;
| N P V:>° P+ SIO2 | N fe=—— WD —— P P+
lout sesees > A WD : E
“Vou<o X0 : P XikLie XaX2 -Vout< 0
Lot i : Electron Fog (e- ) H |out ei ;
_____ ¢ 1 : : 3 14 ;3 2
................................................... \ Let DP =100 um =10 cm and QN = DN*WN = 500 pm 5)(10 n:m ;
- 5,
7|\ For DN =5000 pm° = 5% 10 cm’
Vout VB WD 5
— 0y 059v | 28um WN=QN/DN=10 em=0.1pm;
19 3 19 -3
01v | 049v [ 2.54m NV=1,04x10 cm ; NC=2.8x10 cm ;
? 02v | 039v | 23um VBP = (kT) In (NV/DP) = 325 mV;
: 03v| 029v | 20pm VBN = (kT) In (NC/DN) = 198 mV ;
ght == S# Hole Fog (s|+) 04v| 0.19v | 16um VB = EG - Vout - VBN - VBP ;
(1) Single MN+PP+M Junction type 05y 0.09v 1.1pm WD= / LEsiVB ; DPN =DP*DN/(DP+DN) ;
Intringi $ihcon Substrate L T o DPN
P L “‘[ o | i s 1 B (4) Bipolar Transistor B! Double MP+PNPP+M Junction Type
& & vwn ». mm' - (2)TANDEMZ!Double MN+PP+MN+PP+M Junction Type -
ol V) - - 6T N — o . JPA2020-131313

- e P Lo e 4nd e P e g

VENS (L2066 + (MT) I [ Nc / Wv))

~30 % Efficiency :
.................

(3)TANDEME!Double MN+PP+MN+PP+M Junction Type

> 30% Efficiency ?

Sony HAD 1975 Bipolar Transistor Type Solar Cell

VIR (12K (G~ (KT)In (M /W))
0P+ Nv exp] = VBR/VT ) = N exp{ | VBP = £G AT ) |

~39 % Efficiency
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(a) WEKELI KIS E:

X=X)
Light I T A H RS
------ ’ .’__ WD l: vvvvv '

X3X2

i Electron Fog (e-) ;l:ut

\ Let DP = 100 pm =10 cm’ and QN = DN*WN =500 pm_=5x 10" cm_ 1
d Maximum Depletion Width WD is only about 2pum.
(a) HEREIKIZE? (b) DoubleiZE & AI5E;

++++++++++++:+++++++%ﬁ+++++++++++++++++++++++++++
B A BB ik, NPESGO NBIEIBOAPEZBIIIEL thi,
+++++++++++++++++ A
DP=100pgm3 DN=1000um3 WD=2. 79um WDN=0. 25 pm:
DP=100um® DN=10000gm3 WD=2. 81l um WDN=0. 03 pm
DP=200pum?® DN=2000gm? WD=2, 04um WDN=0. 19 pgms
DP=200um?® DN=20000um?® WD=2., 05um WDN=0. 02 pm
DP=1000um® DN=10000ugm3 WD=0. 97um WDN=0. 09 pm:

++++++++++++Frt+F bR+

EG=Vout+VB+VBP+VBN ;
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g oS e i :
'\ T el St S Siv Sie Sit Sit Sit si Si+ AWM
RETe .l..yl ........ Bedesssssnsinsinnnntunniinnitinedinned Sesee

v i Hole Fog (Si+)
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+ : ¥ : .

(b) DoubleiEZE & KFEE;
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(b) DoubleiE & KFFE;

— X (M) —

e- e-e-e-
£

7: rx
Yoo 5

PP Siv Xw

Si+ > Si"

WP~ WD~2.2um;
WN~0.0 um ;

X1~Xj~ 3 um;
X2~Xj+ WD~ 5.2 um;
X3~Xj~ 3 um;
Xa~Xj-WD ~ 0.8 pm ;

Load I
n Sio2 SiO2
—
P+ 1222 | 123 P+
N N
Psub
o

w— X (M) —

Xep/ M Xw

Siv

Si+ Si*’
WP~ WD~2.2um;
WN~0.0 um ;

X1~Xj~ 3 um;
X2~Xj+WD~ 5.2 um;
X3~Xj~ 3 um;
Xa~Xj-W0 ~ 0.8 pm;









(1) Use high-energy P+ ion implantation to form the lightly-doped deep-buried N region

******VN*******

P

P+ .
P+ >
P+ s
D 4 > N P
>4 €
P+ >
D 4 >




(2) Use low-energy B- ion implantation to form the lightly-doped surface P region

-




(3) Cover the surfaced with a thick SiO2 Oxide Protection with the CVD method.

Si02
P
N

P

SiO2
O
=
O




(4) Form P+ region on the backside wafer by thermal diffusion method.

Si02
P

N

P

P+

SiO2

P+




(5) Form windows to form N+ region on the front side wafer by thermal diffusion method.

Mask 01 SiO02 SiO2

P+

Si02

Si02
mv)
prd




(6) Form windows to form P+ region on the front side wafer by thermal diffusion method.

Mask 02 Si02
P

P+ N |P+
S | S
P+

Si02
o
pd




(7) Form metal contact windows for the surface P+ and N+ regions.

Mask 03

Si02

SiO2
O
prd

| 2 |
P+]| N | P+
S | | S

P

P+

P P+




(7) Form metal wires.
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Super High Resistivity P-type Silicon Substrate Wafer

P

Impurity Atom Density Resistivity N-type Resistivity P-type

16 -3

10 cm P, ~0.5cm pp 1 Qcm
15 -3

10 cm P, ~50cm ’Op ~ 10 Qcm
14 -3

10 cm Pn ~50 0cm O p ~ 200 Qcm

Rs = (p) (Thickness)/(Area) ; DP = 10"'cm” for [0, ~ 200 Qcm;

For P-type silicon chip with thickness 200 y m and Areal cmx 1 cm,
Rs ~ (200 1 m) (ZOOQcm)/(IOS,u m2) =4Q ;

For Area (1 cmx 1 cm ) and Thickness (200 ym ),

P-type silicon wafer has the substrate resistance Rs~4Q.
A01



AS —
AS —
AS —

I

P

For P-type silicon chip with thickness 200 x m and Area 1 cm x 1 cm,
Rs ~ (200 12 m) (200Qcm)/ (105 m%) = 4Q ;

For Area (1 cmx 1 cm ) and Thickness ( 200 uym ),
P-type silicon wafer has the substrate resistance Rs~4Q.

Rs = (o) (Thickness)/(Area) ; DP = 10"'cm” for [0, ~ 200 Qcm;

Use High Energy lon Implantation Method
to form an NP single junction photodiode
with the NP junction depth Xj=3 um.

A02



AS ——
As—— N p
As =T
t : : :
Rs = (p) (Thickness)/(Area) ; DP = 10"em” for 0, ~ 200 Qcm;
OX) . .

X(um)

P

Use High Energy lon Implantation Method
to form an NP single junction photodiode
with the NP junction depth Xj=3 um.

A02



DP = 10"'cm > for pp ~ 200 Qcm ;

- X (gm)—> pri F Xw
o—o—>

:{i

Use High Temperature Diffusion Method to form

N+ and P+ regions for external ohmic contacts
A04




N P P+

For P-type silicon chip with thickness 200 u m and Area 1 cm x 1 cm,
Rs ~ (200Qcm) (200 um)/(1Funf ) = 4Q ;

For Area (1 cmx 1 cm ) and Thickness ( 200 uym ),
P-type silicon wafer has the substrate resistance Rs~4Q.

Rs = (p) (Thickness)/(Area) ;

Impurity Atom Density Resistivity N-type Resistivity P-type

DP = 10"cm” for ,Op ~ 200 Qcm ;

16 -3

10 cm O ~0.50Qcm P, ~10qcm
15 -3

10 cm O L "5 Qem ‘Op ~ 10 Qcm
14 -3

10 cm Pn ~50 Qcm 0 p ~ 200 Qcm

A05



Si+ .
— S|+
A

— X(pm)— e- e- e- e-

v XpD
X1 X2 pPp Si+ Xw

Si+ —> Si+ —sis

DP = 10" 'cm” for pp ~ 200 Qcm ;

Light&> " (Si) + ( Light) > (Si+) + ( e-)

A06



Light

7he'

Load : TG
- @- - : -— — 7 :

VBP = kT In (BPP)
DP

DNN

..... VBN = kT In (2=—) | §
a DN g

— X(pm)— e- e- e- e-

Ve X 7
X1 i PPlsis Xw

Si+ —> Si+ —sis

DP*DN*WD?
2*Esi*(DP+DN)

VB=

DP = 10" 'cm” for pp ~ 200 Qcm ;

Si+
, & EG = Vout + VB + VBN + VBP;
Light AO07




Light
=
NG| P P+
O Xn Xlé X] : X2 Xpp Xw

DP =10"cm® for Pp ~ 200 Qcm;

EG = Vout + VB + VBN + VBP; Find the maximum Value WD ;

kT=0.0259eV ;

VBP = kT In {(E25) Esi=648 e/(um * eV) ; .

VBN = T In (2 DPP ~Nv=2.80 x 10 ‘cm ;

— DNN~Nc=1.04 x 10 cm ;
vR= _DP"DN"WD DP=100 -3
2*Esi*(DP+DN) = um

DN>DP ;
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Light .
o |

N | P p+

O Xn Xli Xj : X2 Xpp Xw

DP=10"cm’ for O, ~ 200 Qcm ; WD~2.2 HLm
EG = Vout + VB + VBN + VBP; Find the maximum Value WD ;
kT=0.0259eV ;
VBP = kT In {(E25) Esi=648 e/(um * eV) ; .
VBN = T In (21 DPP ~Nv=2.80 x 10 ‘cm ;
— DNN~Nc=1.04x 10 cm ;
vR= _DP"DN"WD DP=100 -3
2*Esi*(DP+DN) = um
DN>DP ;
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Light |
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Iout EEEEEEEN
+—e-
= Rout

- Vour<0 X=0

~WDD—>
1 B :
= 1 s IS
N .P ‘IIII P+
— =
o> vs<o RS
e ——AWWW\
ie—1— WD——: — €
X=X1 X=X2
—\WDD —>!
: Rs
-Vout<0 —>€- Vs: <0 — ©-
1 — W
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Intrinsic Silicon Substrate P+

: X 0 X=XJ :
{EG Vout+VB+VBN+VBP Vout=0;VB=0;} T """" y

DN= Ncexp( VBN/KT ) - Nv exp((VBN-EG)/kT))  VBP

: : No Electric Field
[ E E for Photo Electron and Hole Pair Separations

I

VBN = (1/2)(EG + (kT )In(Nc/ Nv))

No Electric Field
for Photo Electron and Hole Pair Separations

VBP =(1/2)(EG—(kT)In(Nc/Nv))
DP= Nv exp(— VBP/kT ) — Nc exp( ( VBP —EG )/kT ) )




<« =p. WDN [jg== WDP ).

X=0 X=X1 X=Xl X=X2
: #=——\WD —>

DN= Nc exp( - VBN/KT ) = Nv exp( ( VBN — EG )/kT) )

No Electric Field

|
VBP / \
No Electric Field ‘ - J
VB

VBP = (1/2)( EG—(t(T) In(Nc/Nv))
DP= Nv exp(— VBP/kT ) — Nc exp( ( VBP —EG )/kT ) )



Y . ................
//{_\\ VBP
EG
{ e- e- e-e-
X »
Psi ] X 1

Sj+ = Si+ _>Si+’

Light A12



X=X2 _
: Electron Fog (e-)

‘IIIII

| ; EG=Vout+VB+VBP+VBN ;
Al AT L ASivsi siv . —
Al+ “"‘E V+ E ....... _,.S.li'. Si+ 5 : : SH_E
A e Db Sit SIE ST STt Sit Sje SSix Al

:Light§> Sl :  Hole Fog (Si+)



Load
e- e-e-

<—e<——.3€/ ;" VBN

e- e- e- e-
Xw




>

P+

- Vour<0  X=0 X=X2
L WDD —
—c :
ISS ---->
= : : Rs
Ioutlllllll> . — 0~ E — O-

e- - Vout <0 4....

- Mty
= Rout 1
SC




P P+

' o—0
O XpiXs X3: Xii  Xj P X2 Xpp Xw
—WD——*—WD—™*
WD~2.2 um
DP=10"cm" for Pp ~ 200 0cm; WN=WP+WN;
EG = Vout + VB + VBN + VBP; Find the maximum Value WD ;
kT=0.0259¢V ;
VBP = kT In {(E25) Esi=648 e/(um * eV) ; .
VBN = T In (2 DPP ~Nv=2.80 x 10 ‘cm ;
ey DNN~Nc=1.04 x 10 cm ;
"5 2eseoproN) DP=100 pm® ;
DN>DP ;
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P P+

*—=9

O Xp : : X4 X3 Xl Xj EXZ Xpp Xw

<—WD=_"‘—WD —i

WDD ~ WD~2.2 nwm,

WN=WP+WN;

WP~ WD~2.2 um;
WN~0.0 um ;

X1~Xj~ 3 um;
X2~Xj+ WD~ 5.2 um;
X3~Xj~ 3 um;
X4~Xj—WD ~ 0.8 um

All






No Electric Field

Intrinsic Silicon Substrate










Intrinsic Silicon or SiO2




-P1<0 -P1<0

(1) V2 =VM-NN * (XM-X2)*(XM-X2)/2/Esi=P2*X2*X2/2/Esi+A*X2+B;
(2) E2=NN*(XM-X2)/Esi=P2*X2/Esi+A or — (P2*X2/Esi+A) ??

(3) V1=P2*X1*X1/2/Esi+A*X1+B=P1*(X1-Xss)*(X1-Xss)/2/Esi:

(4) E1=P1*(X1-Xss)/Esi=P2*X1/Esi+A or —( P2*X1/Esi+A)??

(5) (X1-Xss)*P1+(X2-X1)*P2=(XM-X2)*NN;

(6) (XJ-X3)*P3=(X3-XM)*NN;



VM=(XJ-X3)*(XJ-X3)*P3/2/Esi + (X3-XM)*(X3-XM)*NN/2/Esi;

For { NN=1000, P3=100,X3=3,VM=0.5;},
XM=X3-sqrt(2*Esi*VM/NN/(1+NN/P3)) =

(XJ-X3)*P3=(X3-XM)*NN = (Xj-X3)=(X3-XM)*NN/P3 =

-P1<0









XJ=1pm; XS=200um;

DN+ = 10 "em 3

DP =1015cm'3
19 3

DP+ =10 ¢cm
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1 vamsse. @ anson casuwe | | formed. Then the second region
(N) is formed upon it forming
the collector junction (ic). 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).

This is the invention of a PNP double junction dynamic phato transistor.
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A circuit model of (a) the floating-surfacer N+NPP+ single-junction-type solar cell and
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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,
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and (c) the PNP double junction PPD.
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Band Diagram of Photo Electron Fog (e-) and Hole Fog (Si+) 3
with Light :
Band Bending Effects of { VBP=(kT) In(P+/P) ; VBN=(kT) In(N+/N) ;} ™
-XJ : si02 | N fe—— WD —i P P+
p v RS P+ :
lout .:_W—' -Vout< 0

: -3 14 3 -2 14 -2
v Let DP =100 um =10 cm and QN =DN*WN =500 um =5x10 cm ;

- 3 15
7/ ForDN=5000um™ = 5x 10 cm,
Vout VB WD 5
— ov 0.59v 2.8 um WN=QN/DN=10 cm=0.1pum;
19 -3 19 -3
0.1v | 049v | 2.5um NV=1.04x10 cm ; NC=2.8x10 cm ;
02v| 039v | 23um VBP = (kT) In (NV/DP) = 325mV ;
03v| 029v | 2.0um VBN = (kT) In (NC/DN) = 198 mV ;
Si# 04v 0.19v 1.6 um VB = EG - Vout - VBN - VBP ;
P ot 0 B sk 2R AL
Light =— Si* i  Hole Fog (Si+) 05v| 009v | 1llpm WD = / % ; DPN =DP*DN/(DP+DN) ;
T [ seemmernmuncionee (a) Four Masks  (b) Five Masks  (c) Six Masks
T e g JPA2020-131313
1 Mask 01 P+ Channel Stop Mask 01 P+ Channel Stop Mask 01 P+ Channel Stop
L ey-stia e W L Mask 02 N+ Diffusion Region Mask 02 N+ Diffusion Region Mask 02 N+ Diffusion Region
Ve = (1280  [KT) i e/ 1) - - Mask 03 Metal Contact Mask 03 N lon Implantation Mask 03 N lon Implantation
wee L/ T (2)TANDEME!Double MN+PP+MN+PP+M Junction Type  \jask 04 Metal Wire Mask 04 Metal Contact Mask 04 P+P lon Implantaion
Metal Metal Metal Mask 05 Metal Wire Mask 05 Metal Contact
VP < (/2 8- (KT I (e /) Mask 06 Metal Wire
DP= Nv exp( = VBP/KT ) ~ N exp( ( VBP - £G )/AT ) )
30 % Efficiency
a6 L [ p—r=—y Load gy -1
(3)TANDEME!Double MN+PP+MN+PP+M Junction Type | l |
Metal Metal Metal Metal $i02 $i02 - - =
C -] K] N -

39 % Efficiency

(4) Bipolar Transistor £/ Double MP+PNPP+M Junction Type
Metal

JPA2020-131313

Metal

] | . Psub
I ' ' I Pe

OP Ny exp( ~ VBP/KT ) - Ne exp| ( VBP - £G /KT ) ) E
-

> 30% Efficiency ?
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P+
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Figure 2: Reproductions from the Japanese Patent Applications of (a) the N+N-P+NP-F triple junction PPD, (b) the N+N-P+N double junction PPD,
and {c) the PNP double junction PFD.
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-Vout< 0

X

\
.j>

/
\

SiO2 | N

3 -2 14
LetDP=100 um =10 cm and QN=DN*WN=500um =5x10 cm ;

VB = EG - Vout - VBN - VBP ;

N+

WD =i

14

Vout VB WD
Ov 0.59v 2.8 um
0.1v 0.49v 2.5 um
0.2v 0.39v 2.3 um
03v 0.29v 2.0 um
04v 0.19v 1.6 um
0.5v 0.09 v 1.1pum

-2

3 15 3
For DN=5000 um = 5x10 cm,

-5
WN=QN/DN=10 cm=0.1 um;
19 -3 19 -3

NV=104x10 cm ; NC=2.8x10 cm ;

VBP = (kT) In (NV/DP) = 325mV;
VBN = (kT) In (NC/DN) = 198 mV ;

WD = /% ; DPN =DP*DN/(DP+DN) ;'



https://pdf.elspublishing.com/paper/journal/open/ESP/2025/esp20250003.pdf

Band Diagram of Single N+NPP+ junction Solar Cell with Vout <0
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Band Diagram of Single N+NPP+ junction Solar Cell with Vout =0
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Cross Sectional View of P+PNPP+ Double junction Solar Cell
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Band Diagram of P+PNPP+ Double junction Solar Cell
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Figure 9. N+NPP-+ single and P+PNPP+ double junction solar cells in comparison.
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Sun Light Power Density in Silicon Crystal

EX)

Sun Light Power
P(X)/Po

B
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R
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) XT3

N P

SETETETE

et
(Electron Fog)

Vout

1 -
Ef = - Vout -- ’
in N+N region " VB I
R W 5 1 VBP~ (K'T) In(
> - A I oo EG Ef=0 H

Vout l I in P+P region

£
(Electron Fog) l

S e e e oS S

Liquid)

s

{EG = Vout+VB+VI23P+VBN ¥
{(vB = DpDnwWd 3

VBN~ (KT) In(N+/N) Z <) (Dp+Dn)

Figure 12. A floating-surface N+NPP+ single-junction photodiode for a solar cell application.

Y:x()-) —S({U exp( - X./:AU-): ) ; \}
G AA) =aAky
a=44.614211 ;b= 6.308225 ;

7

................. sassnnnnss 80.3%

Floating-surface N+ region
17% Recombination Loss . Asit . - o - :
........................ P(X) of‘r',([_}tld}t_-. Po=_0fs-:_,nd;. i

)

Sun Light Power (%) = £00=P(X)/Po ;

- :
30.0% 37.1%

fe— (63.3%-37.1%=26.2%)

== Photon Penetration Depth in Silicon Crystal X ( gm) _ :
: :

3.0

&

o .
1.0 1.5 2.0
f#——— WD =2.2um —
for 100Qcm P-type Silicon Wafer

N
i 2

Figure 26. Sun-light power percentage€(X) penetrating through silicon crystal at the depth X.
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Band Diagram of Photo Electron Fog (e-) and Hole Fog (Si+)
with
Band Bending Effects of { VBP=(kT) In(P+/P) ; VBN=(kT) In(N+/N) ;}
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; :--E----------.q-"-.é:..éb.e.:-é.-i.'.e-_..e-:'én_.;E'P'é:'Ieﬂ:Emgné:-
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= ¥
EG=Vout+VB+VBP+VBN ;

§ i . Si+
ER Y o Si*_Si+ Si+ Si+ Si+ sis iSi+ Al

Hole Fog (Si+)



Band Diagram of Photo Elec_t:;on Fog (e-) and Hole Fog (Si+) 7 C-Code
wit
Band Bending Eff f { VBP=(kT) In(P+/P) ; VBN=(KT) In(N+/N) ; o
ol sl i T#include <stdjo, h>
. ;‘99-& N p Vv Rs P+ #include <math.h>
=x;cﬂmnFmHCJ EEL. double EG=1.11, kT=0. 0259, Esi=648, NC=10400000, NV=28000000;
)
o e Wit Tl A double Vout, VBPP=0. 567826, VBNN=0. 542174, E, D, DDD, DPN;
vB
i . double DNP, VB, VBWD, VBWD_max ;
* /_Jl double WD, VBN, VBP, DP, DN, WD_max, VBN_max, VBP_max, l / /
=GSVeurtVEVBRVBN DP_max, DN_max, VB_max, VBP_max, VBN_max i=1:
Als P ALt isie Sie Sie Sie Sis Si+ 55:4 o Al+ . o . . '
Light e {  Hole Fog (Si+) int i, J, i_max, j_max; NEXT i:
v char c; )
(2025_06_26 VBP=i+VBPP/100;
FILE *fpBB;
S , DP=NVxexp (-VBP/KT) -NC*exp ( (VBP-EG) /KT) ;
void main(void) {
ERGRRL fpBB=fopen( "BB. txt”, “w"): DPN=DP*DN/ (DP+DN) ;
Vout=0. 3; /
EG=1.11 eV;
VBN=0; VB=EG-VBP-VBN-Vout;
kT=0. 0259 eV;
DN=NCxexp (~VBN/kT) -NVxexp ( (VBN-EG) /kT) ; WD=sqrt (2+Es i*VB/DPN) ;
Esi=648 e/(V+ um);
] E=VB/WD:
NC=10400000 e/ ( ttm)**3;
D=kT/E;
NV=28000000¢e/ ( gt m) **3; /
printf( “¥n VBP=%f DP=%f VB=EG-VBP-VBN-Vout=%f WD=%f E=VB/WD=%f D=kT/E=%f D+D+DP=%f", VBP, DP, VB, WD, E, D, DDD) ;
{ DP = Nv exp( ~ VBP/KT ) - Ne exp( (VBP-EG) /KkT)) } fprintf (fpBB, “¥n VBP=%f DP=%f VB=EG-VBP-VBN-Vout=%f WD=%f E=VB/WD=%f D=kT/E=%f DxD*DP=%f", VBP, DP, VB, WD, E, D, DDD) :
i=i+h;
{ DN = Nc exp( — VBN/KT ) — Nv exp( (VBN-EG)/kT));} £i<100) goto NEXT. i:
{ EG = Vout + VBP + VBN + VB ; } printf( “¥n™)
{ DPN = (DP«DN)/( DP + DN ); } fprintf (fpBB, “¥n");
/ /

{ WD = sqrt( 2+Esi*VB/DPN ) ; }
c=getchar ( );
if(c=="1") printf("¥n¥n Good-bye 117}

(1) if [ DP=0; }, { VBPP=(EG+kT*In(NV/NC))/2=0.567826 :}
(2) if [ DN=0; }, { VBNN=(EG+kT*In(NC/NV))/2=0.542174 ;} felose (foBB) : }

/Hppxxrcceecocerrk End of C-code /




Band Diagram of Photo Electron Fog (e-) and Hole Fog (Si+) . €2025.06.26 i C-Code /

with H#include <stdio.h
. #include <math.h> i=1:
Band Bending Effects of { VBP=(kT) In(P+/P) ; VBN=(kT) In(N+/N) ;} |
et i1 double EG=1. 11, kT=0. 0259, Es =648, NC=10400000, NV=28000000 NEXT_i:
Light — : R KkT=0, 0259 oV double Vout, VBPP=0. 567826, VBNN=0. 542174. E. D. DDD. DPN - , .
N p MMSM _P+ Esi=648 o/ (V+ um) double DNP. VB, VERD, VBD_max YEP=i#VBFP/100:
WD : NG=10400000 o/ (1) 3 double WD, VEN, VBP. DP. DN, WD_max, VN _max., VBP_max | DP=NV+exp (-VBP/KT) -NCxexp ( (VBP-EG) /kT) ;
. NV=280000000/ (1 m) w4 |
x?xz i 1 DP_max, DN_max, VB_max, VBP_max, VBN_max DPN=DP+DN/ (DP+DN) :
EIQC((O“ FOg (c,) ; IO\" [ OP = Nv exp VBP/KT ) - Mo exp( (VBP-EG) /kT)) .| Ik L Jr i L /.
i : [ DN = No exp( - VBN/KT ) = Nv exp( (VBN-EG) /kT)) :] a9
e eele-evape E)/—\ e [ EG = Vout + VBP + VBN + VB : | FILE «fpB8 | VB=EG-VBP-VBN-Vout ;

i [ OPN = (DPSDN) /¢ DP + ON ) | void main(void) ( .
(WD = sart{ 2eEsi+VB/OPN ) | | fpBB=fopen( “BB. txt”, ") WD=sqrt (2+Esi*VB/DPN)

Vout=0.3 E=VB/WD:

1) 00 [ DPs0; |, | VBPP= (EGekT+In(NV/NG)) /250 567626 :] VEN=0
€2) 0 [ DNO: ), | VBNN=(EGekTeIn(NC/NV)) /250. 642174 ;) 1 D=kT/E:

Vout =

DN=NCwexp (~VBN/KT) -NVeexp ( (VBN-EG) /KT

printf( “¥n VBP=%f DP=%f VB=EG-VBP-VBN-Vout=%f WD=Xf E=VB/WD=)f D=kT/E=%f D+D+DP=%f", VBP, DP, VB, WD, E, D, DDD) ;
fprintf (fpBB, “¥n VBP=%f DP=%f VB=EG-VBP-VBN-Vout=%f WD=kf E=VB/WD=%f D=kT/E=%f D+D+DP=%f", VBP, DP, VB, WD, E, D, DDD) ;
i=i+b;

if(i<100) goto NEXT_i;

printf( ¥n> E = VB/WD = (g.l':_' E W@%ﬁo)qziéjﬁ-ﬁ)

0.3 volt ’ VBN= 0 volt a)i,z_é fprintf (FoBB, “¥n") ; /

Hole Fog (Su+)

THDOHNPP+HIESTOHEMBT oo EIREEDP =130 um 30D ¥
VB=0.492 volt , WD=2.21 pm & 75 %, "7 miomaenn D=kT/E=0.1164 pm &% %,

VBP=0.
VBP=0.
VBP=0.
VBP=0.
VBP=0.
VBP=0.
VBP=0.
VBP=0.
VBP=0.
VBP=0.
VBP—O.
.317983

DD2EHDPICRLLH ? ?

[xrprekprpckrkkereck End of C-code /

005678 DP=22487659. 056015 VB=EG-VBP-VBN-Vout=0. 804322 WD=0. 012107 E=VB/WD=66. 433130 D=kT/E=0. 000390 D+D+DP=3.418018
034070 DP=7514071. 653819 VB=EG-VBP-VBN-Vout=0. 775930 WD=0. 015183 E=VB/WD=51. 1056316 D=kT/E=0. 000507 D+D*+DP=1.929935
062461 DP=2510767. 024619 VB=EG-VBP-VBN-Vout=0. 747539 WD=0. 021886 E=VB/WD=34. 1556317 D=kT/E=0. 000758 D*D*DP=1. 443741
090852 DP=838952. 746573 VB=EG-VBP-VBN-Vout=0. 719148 WD=0. 034649 E=VB/WD=20. 755303 D=kT/E=0.001248 D+D+DP=1. 306408
119243 DP=280329. 359148 VB=EG-VBP-VBN-Vout=0. 690757 WD=0. 057267 E=VB/WD=12. 061981 D=kT/E=0. 002147 D*+D+DP=1. 292501
147635 DP=93669. 816234 VB=EG-VBP-VBN-Vout=0. 662365 WD=0. 096161 E=VB/WD=6. 888094 D=kT/E=0. 003760 D*D+DP=1. 324345
176026 DP=31299. 020909 VB=EG-VBP-VBN-Vout=0. 633974 WD=0. 162265 E=VB/WD=3. 907024 D=kT/E=0. 006629 D*D+DP=1. 375429
204417 DP=10458. 317836 VB=EG-VBP-VBN-Vout=0. 605583 WD=0. 274079 E=VB/WD=2. 209515 D=kT/E=0.011722 D+D*DP=1. 437036
232809 DP=3494. 563369 VB=EG-VBP-VBN-Vout=0.577191 WD=0. 462742 E=VB/WD=1.247329 D=kT/E=0.020764 D+D+DP=1.506713
261200 DP=1167. 680437 VB=EG-VBP-VBN-Vout=0. 548800 WD=0. 780498 E=VB/WD=0. 703141 D=kT/E=0. 036835 D*D+DP=1.584306
289591 DP=390. 171091 VB=EG-VBP-VBN-Vout=0. 520409 WD=1. 314787 E=VB/WD=0. 395812 D=kT/E=0. 065435 D+D*DP=1. 670614
DP=130. 372553 VB—EG VBP VBN-Vout=0, 492017 WD 2. 211579 E=VB WD 0, 222473 D—kT E—O 116418 DxD+DP=1. 766971

.374765 DP=14, 556206 VB=EG-VBP- VBN Vout 0. 435235 WD=6. 225017 E—VB/WD 0.069917 D=kT/E=0. 370439 D+*D+DP=1. 997476
=0. 403156 DP=4. 863827 VB=EG-VBP-VBN-Vout=0. 406844 WD=10. 411834 E=VB/WD=0. 039075 D=kT/E=0. 662826 D*D*DP=2. 136866
. 431548 DP=1. 625170 VB=EG-VBP-VBN-Vout=0. 378452 WD=17. 372354 E=VB/WD=0.021785 D=kT/E=1. 188906 D*DxDP=2.297172
. 459939 DP=0. 542921 VB=EG-VBP-VBN-Vout=0. 350061 WD=28. 907189 E=VB/WD=0.012110 D=kT/E=2. 138760 D+D+DP=2. 483481
=0. 488330 DP=0. 181065 VB=EG-VBP-VBN-Vout=0. 321670 WD=47. 983319 E=VB/WD=0.006704 D=kT/E=3. 863492 DxD+DP=2. 702679
.516722 DP=0. 059460 VB=EG-VBP-VBN-Vout=0.293278 WD=79. 951846 E=VB/WD=0.003668 D=kT/E=7.060708 D+D+DP=2.964316
.545113 DP=0. 016753 VB=EG-VBP-VBN-Vout=0. 264887 WD=143. 149341 E=VB/WD=0. 001850 D=kT/E=13. 996789 D+D*DP=3. 282040



(1) Single MN+PP+M Junction type

Metal Metal

Intrinsic Silicon Substrate P+

X=0 X=XJ :
{EG Vout+VB+VBN+VBP ; Vout=0;VB=0; } T

DN= Ncexp( VBN/KT ) - Nv exp( ( VBN - EG ) /kT) ) VBP

H H No Electric Field
- E ; for Photo Electron and Hole Pair Separatio

~20 % Efficiency

VBN = (1/2)( EG + (kT ) In( Nc/Nv))

.............. (2)TANDEMZ!Double MN+PP+MN+PP+M Junction Type

Vout=0
- VBP -
i No Electric Field Metal Metal Metal
for Photo Electron and Hole Pair Separations

VBP = (1/2)( EG - (KT ) In ( Nc / Nv ) ) I‘ I K I
DP= Nv exp( = VBP/kT ) = Nc exp( ( VBP - EG )/kT ) )

~30 % Efficiency

(3)TANDEMZ! Double MN+PP+MN+PP+M Junction Type

i . P Metal Metal Metal Metal
i X=0 X=X i : N+PP+
{ EG = Vout+VB+VBN3VBP ; Vout=0;VB=0; } T """" 7\ N+PP+ R
DN= N_c exp(' VBN/KT ) = Nv exp( ( VBN - EG )/kT) ) VB[ ] R0 % Efliclenty
l : , RS
Pl T (4) Blpolar Transistor 2! Double MP+PNPP+M Junction Type
i t Metal
VBN
//T; L _ JPA2020-131313
.J__ VBTP /’\ .;I_- Metal Metal
: P+PN NPP+

DP= Nv exp( - VBP/KT ) - Nc exp( ( VBP — EG )/kT ) ) > 30% Efficiency ?
(]



Intrinsic Silicon Substrate P+

;X0 X=X :
{EG Vout+VB+VBN+VBP ; Vout=0;VB=0; } T

DN= Ncexp( VBN/KT) - Nvexp((VBN-EG)/kT))  VBP

. . No Electric Field
[ for Photo Electron and Hole Pair Separations

|

VBN = (1/2)( EG + (kT ) In (Nc / Nv))

l
I
qi
|
II

No Electric Field
for Photo Electron and Hole Pair Separations

VBP =(1/2)(EG—-(kT)In(Nc/Nv))
DP= Nv exp(— VBP/KkT ) — Nc exp(( VBP —EG )/kT))




: X:=O X=XJ :
{ EG = Vout+VB+VBN#+VBP ; Vout=0;VB=0; } T

DN= N:c exp( — VBN/KT )= Nvexp((VBN-EG)/kT))  VBP




(1) Single MN+PP+M Junction type

Metal Metal

E I ~20 % Efficiency

(2)TANDEMZ!Double MN+PP+MN+PP+M Junction Type

Metal Metal Metal

e

_jg_ ~30 % Efficiency




(3)TANDEMZE!Double MN+PP+MN+PP+M Junction Type

Metal Metal Metal Metal

I N+PP+ I N+PP+ N+PP+ I
~39 % Efficiency

(4) Bipolar Transistor 22 Double MP+PNPP+M Junction Type

Metal
—;;— Metal "N Metal
I P+PN NPP+ I

> 30% Efficiency ?



19715 & 5,

Intel fLIEFTL WA F FTHIARKREZFRAL T
=L ECESEMOS 7 VR XDELSICRAIILEREL £ L7,

Intel 1971 NMOS Transistor
with Self-Aligned S/D formation
by ion implantation method

LI

PolySi

Psub

13l

Photo
Resist

Conventional N+P Single Junction Photodiode
with the serious image lag problem
in 1971 Interline Transfer CCD Image Sensors

LI

Photo

|

cT CCD Storage Gate

P P
+ +
P sub
P
+



Sony P+PNPP+ N+P Double Junction Photodiode

with no serious image lag problem Sony (Hagiwara) SSDM1978 Paper
applied in 1971 Interline Transfer CCD Image Sensor P+PNPNsub Double Junction Photodiode
Sony JPA1976-134065 (JP1977-58414 ) ~ with no serious image lag problem
by Yoshiaki Hagiwara, filed on Nov 10, 1975 applied in Frame Transfer CCD Image Sensor

|

cTL CCD Storage Gate cre
P+ N P+ | P+ |
. N P P N P
P + P
N sub N SUb




Sony P+PNPP+ N+P Double Junction Photodiode
with no serious image lag problem
applied in 1971 Interline Transfer CCD Image Sensor

Sony JPA1976-134065 (JP1977-58414 )
by Yoshiaki Hagiwara, filed on Nov 10, 1975

cTL CCD Storage Gate

Japanese Patent Application JPA 1975-134985
BEXxEHHFF(JP) OWHHEIE
2% F o #e2 H8-46905

EInt.CL? B I B P BEENSBAE (1983)10H19R
naY A Gl oF aHo% 1
(e 4 8
SEHRRRR (1) Application Patent No. 1975-134985

@% (1) mso—13s  (2) Applied on Nov 10, 1975,
@L(Z)énﬁ #50(1975) 11 4 108 (3) Public Patent No. 1977-58414

Ea S8 #B52—58414 (4) Public on May 13, 1977.
4>

@38i52(1977) 5 A138 (5) Inventor Yoshiaki Hagiwara.
@% u % #E ARB<C(5)

JPA 1975-124985 Claims English Translation

Japanese Ina semlcor!ductor. substra?e
prop——— (Nsub) the first region (P1) is.
1 swgsnic, misnvon 1 +a4sa | | formed. Then the second region
&, Z2OEICEREN:N2NENON 2 ¥k . f .
G piHl A n THREBE 2 LNOEHETE ‘N) Is formed.uporT it formmg
AT MEERBE N LR Rk TEHICR the collector junction (J,E) Then
Sm{RRENTHIERREERICY T, k .
A0 w2 Fnanceragan | | ON .the secon'd region (N), the
wman, wEas=: v swasL, tem) | | emitter Junction (Je) is formed.
RostadEauoRat o 788 LY | | The photo charge is stored in
S AfEREL, HEF P2 IDA— .
itz pem 2 passmcrsmcst =& | | the base region (N) and then
WEEML, COREMEnENE LR transferred to the adiacent

ERTIHT, tORRETILIELELLE .
SRLTIRASN. charge transfer device (CTD).

This is the invention of a PNP double junction dynamic photo transistor.

Buried Photo Charge Buried Base N Region

Stnrage N Base Region for Photo Charge
Pmned ,,N,,s,,l'wlmbw . .Cnllecnun and Storage

A e J‘ P2 .1

N+~ |—=—|cm
P1 i

B — inned

OIT"E[ZTMJ‘lt Light 3102 _-l_

T Light




JPA1975-127646, Oct 23, 1975

Pinned Photodiode with Global Shutter Pinned

% | b s Banie?
A Z Y ~ -

CTG : L Back Light
| : , ¥ : : 8{
; st
F t Light BV E ' 5 - g
g ko Vore Charge 1} ! | L ) A Pl,pned
Transfer || i e .';U\ -
S0z rocro A Clock : '
N J&L » €+ 2+ cTo avrpat™. R i ' ¢ !
P e+et ‘ o
N <> ‘ ] SO Hil vl
: Y \'«\ Mnrez -
N+ CTG is used as b A g1 <
e Global Shutter . i's L
: MOS Capacitor S o' Global 11 Emprcr Potential Well
A _ Back Light Shutter | | Complete Charge Transfer
Pinned Buffer Memory Clock 11/ for No Image Lag Mode
L o

gt

FEAFEERO—FOETEAIC., IFEIEZT L TEREERA BB NWEE IS
NHZ1DEBERDEEBREAR RSN ., 2&kY LRRFEEXREAR DT O EEAI
LRERREFRIEICIE T DM DEEBER D RBEZMFHEEICIET 21 DEER D FREEE
KU DHZIEBAR RSN, LR ERAEBICAIEDEEZMMI S &ITEX
Y, ERERAEBICER/L-BRZ LACin XA EICErE L . LR EBR X FAEE
(CEREATEDEXLIFIESVOVIBEEZMML T LREEMAD LEEE—FADEM|IC
BOTCERMDEEZTITOIIDICLI=C LT/ EHET HERFRIFRREE

Visit https://www.j-platpat.inpit.go.jp/ And put the patent number 1975-127647



JPA1975-127646, Oct 23, 1975

Pinned Photodiode with Global Shutter i 6l - Pinned
3 1
A A ;‘; - ¥ V__*—tct.«:
CTG '/'k ' < Back Light
-4 B i T L -t -
! : - = a _h“)
Front | ight Voo Charge Bhe ¥ ' + —/f?_Plpned
Transfer | ! i e :-?ux -
sz CTD frcw Ay F Clock - : 2 ' E

N < L » BT B8F 41— autpat™. [+ P -

pafe .
P etet : g 2 Pinned
| . L [C] p — -~ kP
N S s s W O, B »—‘3[: ,
= CTG is used as : * b ; :f T
—r Global Shutter s ' ¢ :
MOS Capacitor FEE L6 M Ln' Global :. Em Potential well

: __ Back Light Shutter ! f Cumpq‘crc Charge Transfer
Pinned :

-

Buffer Memory Clock ' for No image Lag Mode

Ry
FEAFEERO—FHFOEEAIC. MFIREZ T L TEFERE AEBENWEFE SIS
ND1DOEBEBEHRDEEFRBAFZ RSN . 2&Y ERRFEAFREMADMIG O EEAIS

L ERERA PRI T HHthDEBR O ABEXAEICET D1 DETR O EELE
FYURRDSZICTREBMAL SN . LRREEAEBBICRIZOBEZHNM I S &K
Y. EREZFIABEEICERL-EBAZE LR ARSI EmE L. L EE T HEniE A EE
[T EREFMTZOEBEFXELIFIELSIVOVIEEZMMLTLEREEREAEAD LEE—FHFDE@IC

B TCTEMDIEEEITOIRIICLI=CLEEFHET DHERIRREE

Visit https://www.j-platpat.inpit.go.jp/ And put the patent number 1975-127647



JPA1975-134985, Nov 11, 1975

Pinned Photodiode with Vertical OFD (VOD) Voo (Frt—35= i{;ned
55
Fig.6 A ?‘* PJ:N # "1&.
on NOV. 11, 1970 by Hagiwara at Sony neR | —_]
Back Light e-=electron ____, e(,= hole
sS
Pinned
] Complete V&O
CCD or CMOS Charge Transfes
type charge Empty Potential Well with completely majority-carrier
transfer device depleted base signal charge storage ares.
cCTD Example of VOD
P+NPsub Junction

Application | i > |
Metal Contact is optional e384 7

HFEAXRERFRIC.EF1EEROE1FERBEE, 2D EICHESh-FE28FR
DE2FEARFEEENTR SN THRMEBEZ LY DEREERET DEREREED
ENERFEAFREARDOET@EITAIWMKEESN THRAIBEFKIRZGEEIZHRILNVT, £
SCERRANER D EREFE2F EARMEEIC BRMEES ARSI, ZESZIIVAE
BéL, LREFIRUVE2FEAFRBEEHBOESZALIZEE LI DN REE
kL. BZbS DR EDAN—REGED LEEF2FEAREEIC A RICIECI=FR

| TEBWRL. CCICEBRSNEERME LRREmERICRITSE T, TDEREZITIED

WIL=C TR ET HEEIRIREE.

Visit https://www.j-platpat.inpit.go.jp/ And put the patent number 1975-134985




(A) (B)
P+ Pinned-surface Six-Mask
P+PNPP+ Double Junction Solar Cell
with high-energy ion-implantation
for the buried N channel formation

Conventional Low-cost Four-Mask
N+PP+ Single Junction Solar Cell
without high-energy ion-implantation

Load

n Sio2 Sio2
=)
o2 Pt

| |
Pf.

Psub

P+

(Mask01) P+ Channel Stop

(Mask01) P+ Channel Stop (Mask02) N+ Charge Outlet
(Mask02) N+ Charge Outlet (Mask03) Buried N Channel
(Mask03) Metal Contact (Mask04) Pinned-surface P+ region

(Mask05) Metal Contact

(Mask04) Metal Wire (Mask06) Metal Wire



CHRONOLOGY OF SiLicoN-BASED IMAGE

Sensor DEVELOPMENT

Yoshiaki Daimon Hagiwara, IEEE Life Fellow
Sojo University, Kumamoto-city, Japan

JPA1975-127646 JPA1975-127647 JPA1975-134985
W, e (o A i JP1977-58414
t%sis T T A¢. M k2 F o
L o L P ~ N Gl = St I
" 4?_5% < Hw* == T~ 4 J

i
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I
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|

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

3MFDHEEL HIC, PhotodiodeDEIEA L » MY L EBIHFF CEEREL VYBHINTWAREZHRLTVLET,
22 IEEE Electron Devices Society Newsletter O January 2023
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Conventional Low-cost Four-Mask
N+PP+ Single Junction Solar Cell
without high-energy ion-implantation

P+ Pinned-surface Six-Mask
P+PNPP+ Double Junction Solar Cell
with high-energy ion-implantation
for the buried N channel formation

N SRR AT ZUEEE.html
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P+ Pinned-surface Six-Mask
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(A) ConventionalN+NPP+ Single Junction Solar Cell

(B) Bipolar Transistor P+PNPP+ Double Junction Solar Cell
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Band Diagram of Photo Electron Fog (e-) and Hole Fog (Si+)
with
Band Bending Effects of { VBP=(kT) In(P+/P) ; VBN=(kT) In(N+/N) ;}
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Five Equations with Five Unknowns ( lout, Id, le, Vout, Vs ) ;

(1) Isc=lout+ld+le; (3) Vs=loutRs ;
(2) Vout = lout Rout ; (4) Vout + Vs = le Re ;

(5) Id = ( lo ) { exp((\/out + Vs)/kT) — 1 } »

Isc —~Vout< O
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I Control
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One More Condition { d(Power)/d(Rout) = 0 ; } gives the maximum output power.
(6) Power = (lout)(Vout) ; (7) d(Power)/d(Rout) =0 ;

Find the optimum value of Rout to obtain the maximum power.
MPTT = Maximum Power Tracking Technology



A circuit model of (a) the floating-surfacer N+NPP+ single-junction-type solar cell and
(b) the proposed pinned-surface P+PNPP+ double-Junction solar cell in comparison.
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(A) ConventionalN+NPP+ Single Junction Solar Cell

(B) Bipolar Transistor P+PNPP+ Double Junction Solar Cell
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Figure 16. Two types of Double Junction Solar Cells in comparison.


https://202011282002569657330.onamaeweb.jp/AIPS_Library/2025_05_23_ICCCAS2025_Yoshiaki_Daimon_Hagiwara_Wuhan_China_Slides_PWD_332_739_195_885_561.pdf
https://202011282002569657330.onamaeweb.jp/AIPS_Library/2025_05_23_ICCCAS2025_Yoshiaki_Daimon_Hagiwara_Wuhan_China_Slides_PWD_332_739_195_885_561X.pdf
https://202011282002569657330.onamaeweb.jp/AIPS_Library/2025_05_23_ICCCAS2025_Yoshiaki_Daimon_Hagiwara_Wuhan_China_Slides_PWD_332_739_195_885_561.mp4

FI A= ”E%ﬁcﬁ(&rtéﬂ

ﬁ(t)&a) IU\E
TAAZT ORR m%u#s ‘

R ERITRS

> ‘ -
m et




Photo Diode with Vertical OFD

0
q
P
N
=
o
O
~
Q
S

SONY- Fairchild Patent

1999
SC President Award
TORAZRIA MY

WAY
CCDEZAANNRP 0P 4~ )

\}-W-H' mom

Wi
k‘.
g

From Japanese News Paper, July 16, 15
1996 £ 7 B [!Fll RFMRES S
(2000 4 1 ﬁ fklﬁﬁﬁ’iﬁ Ci&i*(kf} = ~Mﬂi)
In January 2000, the US »urt made the
ms. And the
PDD with
VOI )) nded.

= FH I-E-XENOROED &

L (GINGE SRBHOEZE [
| aWNRU SICREMER- S
EORS-1i< ShaniS S

B-IARNE AT 2

W AT AR SR

9 EEEESOTACHRNRS

crwadmnmmz =

ﬂme-ll\‘. S

.’
o

fum//t.-r nt fa 19 So
long SONY-Fairchild Patent W

the built-in vertical

ZENIN R - -0 | RS (000) HoRbTY
W TRTACEIR | COOSR-In) FRERE | ROYADREXOTEE

-
-

ohc §

Q

DSl RS0
RERCILER SAoel
ErSA e WNu Pt S ©
"
ERAFHNAOUSEGT o

FRERSE ERAR

—

OOOMABRNIR %\« | BARBOVUNPOMTER [ Hrs\ e ¥Nx\ - SU-0 o

b h/lZRBCCDIEMLIOERRD O~ YD
' MARPLEEVCTRAANM T
~BHOMNREFREIRE N L.
s LEATOERMARANTK « N Dofonse!:
BVvTLERZRHUERAINTHNLILL
CEORRUSCEZRAZNOTRIZHvT
LiNsisnyy
colifOMMNLBLRURLLY

2000%40 100

iy T8 ITE ] )
rrvrn;,-a; N VT

. ’I""I":*" "/'l’

e AKX

PN JBERROCSART | 7S\ 4NN SICHEEN | NPTT v (RNBUER

(BSHALAPENEST | FROMES CAFEONY 1) —INC FBERIN-u
RTABRASISINNNUD | [SHTRETRSORHION [ —u I RIS ACINIRS

4armm'numo

m:t—wmu £ o

ROUOOSME) T=)1< 4t
rSASTRIDRO RINGT

-3 MHIAT A% Ko

PRS- I | $AC

NOSHCTRANISOR! 101

TR | INSTOOO

oy
3




€ IEEE

THE INSTITUTE OF ELECTRICAL AND.EL ECTRONICS ENGINEERS, INC.

Certifics that

Yoshiaki Daimon Hagiwara

has been elected to the grade at”

for pioneering work on, and development of,
solid-state imagers.

LIANUARY 2001

’ J
7]

)
i

J

. v”|) ] { t ')
s .”'l .' v

UL 1T T4
R CR | & WK L

| X ¢ :f, G0 dk X h
IEEE Fellowi® 4 X h
vER LS M N A

) 1 Al A i { ". vy

l

L X4



R RIBILKE B2 (1964~1975)IC, BECALTECHD EHE D’ Fairchildtdt LINTELH ZBIER L., VAV AL —HRETARERTEAL,
Z L TINTELH OF L W EFERERMEZFV. 197 551 BICRER. SONYICAH, SONYDBipolar TransistorE ERK#MiE >~ FICL T
BAREOXSGYZIXRFZ1975F385BICERELI0B23HICERNESHFHEEZ L=, ZOEH TSONYOXBELE SRR EF 7=,

4

~

04



NATIONAL POLYTECHNIC UNIVERSITY OF ARMENIA

YOSHIAKI DAIMON HAGIWARA

aki Hagiwara

HONORARY DOCTOR

Lfe Fell
CRYSTAL AWAKD

COMMITTEE

wshiaki Hag

ding dedication, service, and c«
roelectronics test structure com
! 2004 General Chair and a member of the s




-

2025 05 15 Yoshiaki Hagiwara Armenia Global High Technology Award 2024

Winner



https://www.1lurer.am/en/2025/05/15/Japanese-scientist-Yoshiaki-Damon-Hagiwara-awarded-Armenian-State-Prize-for-his-global-contribution/1313811

(A) (B)
P+ Pinned-surface Six-Mask
P+PNPP+ Double Junction Solar Cell
with high-energy ion-implantation
for the buried N channel formation

Conventional Low-cost Four-Mask
N+PP+ Single Junction Solar Cell
without high-energy ion-implantation

Load

n Sio2 Sio2
=)
o2 Pt

| |
Pf.

Psub

P+

(Mask01) P+ Channel Stop

(Mask01) P+ Channel Stop (Mask02) N+ Charge Outlet
(Mask02) N+ Charge Outlet (Mask03) Buried N Channel
(Mask03) Metal Contact (Mask04) Pinned-surface P+ region

(Mask05) Metal Contact

(Mask04) Metal Wire (Mask06) Metal Wire



SDGs

“Water and Solar Energy for all people on the earth.”

Yoshiaki Daimon Hagiwara, AIPS
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Artificial Intelligent Partner System(AIPS) Home Page Top
hagiwara-yoshiaki@aiplab.com

Hello, my name is Yoshiaki Hagiwara. | am also called simply as Yoshi, and as Yoshiaki Daimon and also as Yoshiaki Daimon-Hagihara. (b Q
| believe that | am the true inventor of the digital camera with the mechanical shutter function capability, which is completely filmless

and free from mechanical parts. | worked at Sony from 1975 till 2008. My friends in Sony developed the digital camera in 1987. Sony is

now enjoying image sensor business. Image sensors are very important to realize Artificial Intelligent Al robots and self-driving cars.

Evidence that Yoshiaki Hagiwara is the inventor

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

Hagiwara also invented the in in-pixel Overflow i 7': AKX l‘ ‘;5 O i't"/u

Drain (OFD) Punch-thru Clocking Scheme to = N s =
realize the completely-mechanical-part-free BADIXY b EETBLEL S,
Electrical Shutter for digital cameras, opening

a way to realize our modern digital TV world.

‘ Do
Evidence that Yoshiaki Hagiwara is the inventor of A 2
Electrical Shutter is given by the basic Japanese A0 EER O
Patent Applications, JPA1977-126885. ® 000 WWw

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

Article Talk
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Yoshiaki Hagiwara (July 4 1948["1 - ) is a Japanese

scientist, engineer, and inventor who spent his career

‘ |  Phuong Vu

3 zzava:! EETs QO

at Sony developing image sensors and related

technologies.

Hagiwara was elected Fellow of the IEEE in 2001, "Fo
pioneering work on, and development of, solid-state v Saurabh Bhardwaj
imagers", for, among other things, his 1975 invention
of the pinned photodiode that was branded by Sony

the "hole accumulation device" (HAD).?I3!

Under his birth name Yoshiaki Tsuneo Daimon, he
earned his BS degree in electrical engineering and
physics at the California Institute of Technology in
19714 followed by is MS degree in 1972 and Ph.D. i

1975 at the same place," under the guidance of his

advisor Carver Mead. He changed his name to
Haaiwara on getting married in 1974
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Adela Allaba Almeida

Advance happy birthday to your
beloved wife my friend hagiwara-
san .May God bless her more and
all the best !
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their invention was base on my father-s patent.

One of 2 American said hagiwara-s patent is
dynamic P+NPNsub photo junction ( photo thyristor ) structure, abnormal. Father can give proof validity.

invented by Yoshiaki Hagiwara at Sony in 1975, unfortunately, father has retired, doesn't have
connection to solve smoothly. | would like to get
with built-in vertical overflow drain functions (VOD) how To rescue father-s intention.
and with floating N-base storage for photo electrons

to be transferred to adjacent CTD with complete charge transfer mode O '@
i : Emitter Anode
L'ght P+ Pinned l-lght L|ght > i) Q
photo diode e Made A ot
+ Hole Accumulation e -
Anode Py Emmok diode (HAD) REROS VIR
P+ . ¥ ._' ¥ / ‘} Phuong Vu
Floating N Floating N . | ' 1)Contact the Japanese
ggs;n-q—- 15 base =+ M p— U cg:;‘“ organization who awarded the
e .
Gate . prize.
p P P r P @ > Do not give any database yet, just
- P Collector o, "8 o ™ tell them the story... b2 £ B3
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P+NPNsub Thyristor

Hagiwara 1976 invention is the origin of pinned photo diode and Sony HAD
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SDGs

“Water and Solar Energy for all people on the earth.”

Yoshiaki Daimon Hagiwara, AIPS
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