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One Unit Cell of P+PN-PP+ junction type Solar Cell, which can be connected in series.
JPA2020-131313 by Hagiwara,
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One Unit Cell of P+PN-PP+ junction type Solar Cell, which can be connected in series.
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SHEFTHD. BFR. Pinned Photodiode EIREFNABHZEF TH .
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Digital CMOS image sensor

with highly sensitive and no image lag Hagiwara Diode ( pinned photo diode )
We need also an AD convertor absolutely !!!

1 , (3) Brain Memory Cells
(1) Regnaiyerye Cells We don’t need CCD any more !
=  Retinal blood

retina
(2) Charge Transfer Nerve Fibers

(2) CMOS type digital CTD

(1) Hagiwara 1975 Retina Diode ( pinned photo diode)

But we still need Hagiwara Diode to achieve high sensitivity and no image lag.
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Dynamic N+P junction Static PNP Photo Transistor Dynamic PNP Photo Transistor

Photodiode 1966 John Northrup Shive 1950 Yoshiaki Hagiwara 1975
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http://www.shmj.or.jp/museum2010/exhibi1005.html  (szga

MIEK A L — DUV TEBREZIC T M A— BRFABLSNSR, 1987F,. V— (1) JBSIEA, HAET. BEEH, B)IEAK. SHRE. BFESX, TZE2&

S F1T- "= I g N 2ot = =
—(FIRTELE VB T+ A 7 — F(Pinned Photodiode) EIEEN TV ZBHETF(V ;/(‘;j;g” CCORMRRT". TL L3> F2EMRS. vol. 12, no. 12, pp. 31
——EZmIA S A—FZHAD : Hole Accumulation Diode&IFAIZ)ZEALVE . )

: 2] mEEBS, BRA—, €FEEZ. \LBEE, B8FARS. “1/31>F36HhER
2/34 >F38HEZEIT (Interline Transfer)-CCDA X—2 > UZEHLEZ. 83V I'ﬁ-gCDt‘/*j—” FLESS LS ammRE. vol. 15, no, 16 /pp. 3/1-36

VIR—3EEFT AN RS [CCD-VI0) EFRRLE 11, (1991)

- (3] ERER, "BARGEE" A% 1858-46005 (10754115108
ESBHIA MM A—-FEELTRTLDC. NELAFZPETEL. RLEADPEZR ) JPA1975-134985
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Excellent Blue Light Sensitivity and No Image Lag with Adjacent P+ Channel Stops

Sony SSDM1978 Paper by Hagiwara Pinned Photodiode explained by
Semiconductor History Museum
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Proc. of the International Conference on Electrical, Computer and Energy Technologies (ICECET)
9-10 December 2021, Cape Town-South Africa

Invention and Historical Development Efforts of
Pinned Buried Photodiode
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Proc. of the International Conference on Electrical, Computer and Energy Technalogies (ICECET)

Q-1 December 2021, Cape Town-South Africa

Pinned Buried PIN Photodiode Type Solar Cell

Yoshiak: Hagrwara
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Set V(0) = Ground Voltage.
Then we get V(i) =ixV(1)
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ccd - Difference between Buried Photodiode and Pinned Photodiode - Electrical Engineering Stack Exchange
https://electronics.stackexchange.com/questions/83018/difference-between-buried-photodiode-and-pinned-photodiode

@ELECTR'CALENG'NEER|NG [# B A Pinned PhotodiodeDFBAE 7| LBIEL TWLW3,
Difference between Buried Photodiode and Pinned Photodiode

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

You can get surface state pinning from the dangling Si/SiO2 bonds providing trapping centers. A
buried PD (Photodiode) has a shallow implant that forces the charge carriers away from these
surface traps. The Si/SiO2 surface contributes to increased leakage (dark current) and noise
(particularly 1/f noise from trapping/de-trapping). So confusingly a buried PD avoids pinning of the
fermi-level at the surface.

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

“The first Pinned Photodiode was invented by Hagiwara at Sony.”
“It has long been incorrectly attributed to Teranish and to Fossum.”
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@ELECTR'CALENG'NEER|NG [# B A Pinned PhotodiodeDFBAE 7| LBIEL TWLW3,
Difference between Buried Photodiode and Pinned Photodiode

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

You can get surface state pinning from the dangling Si/SiO2 bonds providing trapping centers. A
buried PD (Photodiode) has a shallow implant that forces the charge carriers away from these
surface traps. The Si/SiO2 surface contributes to increased leakage (dark current) and noise
(particularly 1/f noise from trapping/de-trapping). So confusingly a buried PD avoids pinning of the
fermi-level at the surface.

I've edited this Answer to acknowledge Hagiwara-san's contribution. It has long been incorrectly

] PR— : i CMOS | :

“The first Pinned Photodiode was invented by Hagiwara at Sony.”
“It has long been incorrectly attributed to Teranish and to Fossum.”
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[1975FE DFKE D HEEEFICHSSDM1978 1 DB H R TEHEEEE (B&EoA W)

DER\FAGLV] EHELTVLS,

FOSSUM AND HONDONGWA: REVIEW OF PINNED PHOTODIODE FOR CCD AND CMOS IMAGE SENSORS

Fossum did not quote the in-pixel source-
follower Active Circuit invented by Peter Noble in

1966. Fossum did not invent Active Image Sensor (APS).

In 1993, a CMOS active pixel image sensor (APS) with
intra-pixel charge transfer was proposed by Fossum et al

at JPL [30], [31]. Performance 1mproveiﬁnf using backside
Wrong

‘“ Pl 1 Oudismin Pudes 2 Caborem MNalwr 2

w.‘ ';NI 1‘ v~
¢ up : OV“ =0
To Cudvme Iw
Ted
In ﬂzm

- Nsove Fudbrase
i Crarrvent Aeplatsr

OND oV Lowed PMOS

Active Pixel Sensor invented by Peter Noble in 1968
used widely in Modern CMOS Image sensors

- [6] P.J.W. Noble, “Self-scanned silicon image detector arrays,” IEEE

Trans. Electron Devices, vol. 15, no. 4, pp. 202-209, Apr. 1968.

on the active photo sensor with the built-in source-follower
type 1n-pixél current alpllfler circiit, a very important

element for modern CMOS image sensors.

Sony does not use the LOCOS Isolation which
has the serious thermal oxidation stress and degrades
the image sensor chip-yield and causing surface dark
and crystal defects. Sony use the defect-free high energy
ion implantation and the Lamp Anneal Process invented
and developed by Kazuo Nishiyama at Sony in 1978.

P+ surface may become
Floating High Resistivity

Pinned Photodiode with LOCOS Isolation
described by Teranishi in 2014

Pinned Photodiode defined by
Semiconductor History Museum

Pinned Photodiode reported
at SSDM1978 bv Sonv(Hagiwara)
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Difference of (1) NEC Buried Photodiode (BPD) with image lag problem

(2) KODAK Pinned Photodiode (PPD) with the LOCOS isolation
and (3) Sony Pinned Photodiode (PPD) without the LOCOS isolation. But,
Sony used the high energy ion implantation and the Lamp Anneal method which
was invented and developed by Kazuo Nishiyama at Sony (JPA1981 -30113).

(1) NEC BPD

NEC IEDM1982 Paper
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There is still image lag

(2) KODAK PPD

The surface P+ layer
is NOT connected to
the LOCOS P+ layer.
The surface P+ layer
may be floating and
this photodiode may
have serious image lag.

SSDM 1984 KODAK Paper

Serious Image Lae ?

(3) Sony PPD
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20014512818(8) BRI A 7 « TEERNHS ITE Technical Report Vol. 38, No. 47
1ST2014-52(Dec. 2014)
(Invited) Effect and Limitation of Pinned Photodiode (1) NEC (Teranishi)
s 2 233 Buried Photodiode
Nobukazu Teranishi at IEDM1982
Abstract The pinned photodiode (PPD) is the primary technology for image sensors and used in almost all CCD  p*gyer N /-
image sensors and CMOS image sensors. This paper discusses effect and limitation of PPD, especially dark { ‘N N
current and electronic shuttering. Even when PPD is used and silicon surface i1s neutralized, proposed model ) -
explains that GR centers at the silicon surface contribute the dark current. The temperature dependence is an -~ \

activation type with activation energy, E,, not £./2. It 1s important to reduce GR centers for dark current reduction '1

N"

at PPD also. It 1s also noted that the vertical overflow drain (VOD) shutter combined with PPD has potential of
high speed shuttering with small skew.

(2) Pinned Photodiode with LOCOS Isolation
described by Teranishi in 2014

TO (3) Pinned Photodiode (4) Pinned Photodiode explained by
Sony(Hagiwara) 1978 Semiconductor History Museum

** Pinning GR Center
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Practical and Actual Pinned Photodiode does not use LOCOS isolation, but
with the adjacent P+ channel stops formed by Deep High Energy Implantation
with Lamp Anneal technology developed by Kazuo Nishiyama at Sony in 1978
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Buried Photodiode with Floating P+ Surface of Serious Image Lag Problem

The parasitic capacitance coupling with the surrounding depletion region and the gate oxide.

Pinned Photodiode must have the adjacent heavily doped
P+ Channel Stops Region or a metal contact as an option CTG
as shown in JPA 1975-127646, JPA1975- 127647 and
JPA 1975-134985 invented by Yoshiaki Hagiwara in 1975.
See also SSDM1978 paper by Hagiwara in 1978.

Si02 /s

P-type Substrate
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Difference of Buried Photodiode and Pinned Photodiode

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

Buried Photodiode
_ mv ) “O-0-0-Decoy Logllmeriment)
Floating Surface P+ region ﬁ .QL | “#—x-a= Soragecbie Dectrors 41 0
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Serious Image Lag Problem 2 c\ \o\k "Pz g
rd Flerd ST o
NEC 1EDM1982 Paper 2 L ], &
Floating .o 15 y-cco ? ’ . i
. X oy TG Chonnel Potential ($7
i . _____ There is still image lag
’ N i NT ‘ at the CTD gate voltage more than 10 volt.
P- Substrateh 2 | Fig-6. Storageable clectrons vs. transfer gate channel

= potential, and CGecCay g vs. transler pgate
N channel potential in the P*NP™ strucCture

No P+ Channel Stops photodiode
Fig.5. P*NP- structure photodiode
3) Unit cell cross sectional view

NEC IEDM1982 Paper reported Image Lag

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




P+PN-PPHEAR KB T DIRE IR REE (AIPS)

Difference of Buried Photodiode and Pinned Photodiode

(a) Floating P+ Surface Completely Isolated (C) Completely Pinned P+ Surface with RC=0

by the extended depletion region with Surface Direct Metal Contact.
ciG

P-type Substrate

“#

(b) Floating P+ Surface with RC Delay Time (D) Completely Pinned P+ Surface with RC=0

of the finite ohmic substrate resistance (R). with Adjacent Heavily Doped P+ Channel Stops
CIG

C1G

P type Subatrate
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(1) 197 0FLUFIIE_Single SRS KRS o7,
(2) 197 0FICCCD/MOSEERZHERFHIFHFIHAINT-,

(3) 1975&F6AHIC FF»4d Philipsttick V)
Double E&E DB HIAHPhotodiode BFEB I 7=,

(4) 1975F10H23HIC Sony (&) I3
Global Shutter #&#EfT % dDouble & TripleiZE&E D
KD LW Pinned Photodiode A3%BA L 7=,

(5) 1975&F11H10HIC Sony (&) I
EHIR(N)IZPNP DoubleiE& & 2 L T VOD{HFD
& D7\ Pinned Photodiode #%HBA L 7=,

(6) 197 7%#I1cSony (FE) (& PNPN(Thyristor)ii&
DRHREZEFICHEWT Punch-thru Action 2FJHL T
& D 1 B FShutter Clock BEEN AKX ZFBA L 7=,

(7) 197 8%9H SSDM1978 ICT Sony (FIF) &
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Pinned Photodiode D $HA & FFEE 7 (1) Before 1970

(1) 197 0%LEGIE Single BARSRETF o1, _
(2) 197 0%ICCCD/MOSBRERZXRFHIEBAINT, P N 4+ 3192
E— |
1 Light
Hagiwara(Daimon), ISSCC1974 Student PhD Paper -
on Buried Channel Charge Coupled Device (CCD)
‘}'“‘3 “"é’ uvé' ] Vr'""?z ""3 nvé' y Vr'nv? ""é’ 5 . ‘3-']
= = (2) CCD Bell Lab, USA 1970

Vpin

P type Substrate

— . .
T P [N~ [sio Light
e\ : e_\ . e_\ _
e- &= =~
o I s S oo = J ST R SO I, ISSCC 74/THURSDAY; FEBRUARY 14, 1974/COMMONWEALTH H-J BALLROOM/1 :30-5:45 P.M.
‘ o O s Sy e S ™ Chairman: Lewis M. Terman

E min = 1796 voit

€ mmin™ B24 volr/om

IBM T, J. Watson Research Center, Yorktown Heights, M. Y,

z
Minimum Potentiol @ (volt)

N

0

THPM 13.1: Charge Transfer in Buried-Channel Charge-Coupled Deviges*

(volt/u)

Yoshiak Daimon, Amr M. Mohsen®**and Thomas . MeGil

«006

v

Fringing Field

(b) Polysilicon aru: Metal Over!llpptnu GnleLBCCD Eﬂﬁfﬂ'l'ﬂrlﬂ I ml u:f TE:Q-I WIH‘H‘
Pasadena, Cal.



Pinned Photodiode ® %BA & BAHEE H
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Pinned Photodiode ® %BA & BAHEE H

(1) 197 0FLLEIE Single IEEBIZNEF o1,
(2) 197 0FICCCD/MOSARERZTHAEFHFFMAINT-,

(3) 1975&F6AHIC FF»4d Philipsttick V)
Double E&E DB HIAHPhotodiode BFEB I 7=,

(4) 197541082 3HIc Sony (#&) X
Global Shutter #ge{J = DDouble & TripleiZzSE 0

%% D7 LWPinned Photodiode AA%BA L 7=,

(5) 1975&F11H10HIC Sony (&) I
EHIR(N)IZPNP DoubleiE& & 2 L T VOD{HFD
& D7\ Pinned Photodiode #%HBA L 7=,

(6) 197 7%ISony FXRE) (X PNPN(Thyristor)##i&
DRHEFICHE LT Punch-thru Action ZFIBL T
R DL WEFShutter Clock EREh A2 FKBAL 7=,

(7) 197 8%9H SSDM1978 ICT Sony (FIF) &

(4a) Sony (Hagiwara) Oct 1975 JPA1975-127646

RAREL
Bt o EAR

P

Si02] | it

N —

Vpin

ISRRERD =iy
N

JBEHEINT
W3, EfF
HENERHA L
¥l oo E AR
ARICREET
CEHTHEETH B,
L
Global Shutter
HREEROAD

TRAKD L

HRRFBAOREREICT ChREABER

HMEZn Iz WwDouble #EA&BE DPinned Photodiode Z1H#H5E T

N THFE L BB THEROBFEAREDF

STHRE LT

={EClockBRE)

B o

e

-

FHXDOFEATH 3,

D

3
A et

!

—d




Pinned Photodiode ® %BA & BAHEE H
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Pinned Photodiode ® %BA & BAHEE H
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Pinned Photodiode ® %BA & BAHEE H
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Pinned Photodiode ® %BA & BAHEE H
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Pinned Photodiode ® %BA & BAHEE H

(1) 197 0FLLEIE Single IEEBIZNEF o1,
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(3) 1975&F6AHIC FF»4d Philipsttick V)
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SONY HAD Sensor 1975 was hinted by SONY PNP Bipolar Transistor Process Technology
Conventional Static Phototransistor Dynamic Phototransistor Operation

( by John Northrup Shive, 1950) with lightly doped base region
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Hagiwara(Daimon), ISSCC1974 Student PhD Paper tica N+p%ﬁ38,5%(}2"e"t'°" of CCD in 1970,
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Floating Surface N+P Single Junction
Photodiode with RC delay time
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Floating Surface P+NP Double Junction C1G

Buried Photodiode with RC delay time CTD
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Floating Surface P+NP Double Junction Before Invention of CCD in 1970
Buried Photodiode with RC delay time 1T1CE N+P Photodiode RCA, Fairchild, NEC, Philips

ith | L i
with Image Lag @ Serious Image Lag

Vertical Data Line
Large CKkT Noise

15 12 13 ? '. E IU 9 3
s T .r |

i J

I_.:—|_r

Small CKT Noise

Cv
e VOG
................................... . _ —> QOutput
Horizontal | Data Line
-.I_.-CH
— After Invention of CCD in 1970,
JPA1976-65705 on PNP junction Buired Photodiode 1T1ICE N-+P Photodiode - RCA, Fairchild, NEC, Philips
iori ith | L
PrlorltyJune9 1975 Net1herland Ptatent 7506795 with Image agl - No Image Lag
f 11 |/ i = Vertical CCD
|_
|_
|_

V, DA '
TR \&fk\_“ {\V

I e e

IE 2 Fig.2 ® 2 w0 Horizontal CCD




Completely Pinned P+ Surface with RC=0
with Surface Direct Metal Contact.
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Completely Pinned P+ Surface with RC=0 Before Invention of CCD in 1970,
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Completely Pinned P+ Surface with RC=0 Before Invention of CCD in 1970,
with Adjacent Heavily Doped P+ Channel Stops 1TICE N+P Photodiode RCA, Fairchild, NEC, Philips
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Static PNP Photo Transistor

Dynamic N+P junction
John Northrup Shive 1950

Photodiode 1966

Dynamic PNP Photo Transistor
Yoshiaki Hagiwara 1975
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Hagiwara (Sony) invented the in-Pixel VOD Electric Shutter in 1975.
See JPA1975-127646, JPA1975-127647, JPA1975-134985 and JPA1977-126885.
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Hagiwara 1975 patents showed Features of No Image Lag ,
History of Semiconductor Devices 2 - #lag
@ @ Empty Potential Well and Complete Charge Transfer
of the double junction Pinned Buried Photodiodes.
MOSFETO) 8] Bipolar Transistor 0 529/) VT /Y —-ERAE)-R9) -
Al/A1203/Cu2s | 1948%F Schocley et al 1948%F Norbert Wiener (a) Pinned Photodiode defined (b) Pinned Photodiode defined
1926,1928 Lilienfield l 3 1 in Fig. 7 of JPA1975-127647 in Fig. 5 and 6 of JPA1975-134985
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i 1 59470 KHEEE 196171 sipolar BRHLX K (CTD)
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i
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| 1,?;’"‘%“ by Peter Noble in 1966
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— 5 1 L), ster & d iwith no Image Lag
1966 Ntclﬂ*\ # 1970 SONY 5—TV/l Bipolar IC | “o—+7 1 | Empty Potential Well
RIDRAM Scaling | MOS BBD BYIR#I X 1 (CTD)
Sl 1967 ,,,:) 5:3,:‘ - ®| 1975 Philips PNP Buried Photodiode 1970%F F.L.). Sanster
i ‘ = 1 NEC IEDM1982 paper was not Pinned Photodiode by definition.
I Moored ;%M original) @ 1975 Sony HAD Sensor @ SCco M RWEH X £ (cTo) Difference of Buried Photodiode and Pinned Photodiode
PMD3TIC DRAM MG 1965 Intel _ ':l‘:aNA:It?-nB.I:o’:::::xgl’; 1970% Bayh and Smith Fig::»:ef g:leosd ::;t have the P+ channel stop nearby.
1970 lm.l l I Flaating Surface Pe reguan e .'\ ::: n;z;:-'-“ <‘. o' =
| All MOS Transistor @ 1978 Sony PNP Pinned Photodiode BCCO g!tnmxal(m) 3 N - e
with adi P channel 197‘$MMM = V4 é
Memory Computer fi= Jacent nnel stops . NP Rl p P P §
mu’:g;:azlm m 1970 'm 10 l .;'.f ." | /" ‘?\\‘-. rrete - E
Sarious Frotienm 2 'y "o
NEC Buried Photodiode ( = SONY HAD) @IEDM 1982 e 'ED;;:Z S = i - e e | + g
— m! - @m ”m MPU d)na‘t KODAK Pinned Photodiode ( = SONY HAD) @'EDMlm ﬂ?.tin' ac ve _y-oco T8 Chommas tems ““ 0‘.
lgyer ﬁ
RN 1971 Intel SONY HAD Interline Transfer CCD Imager with VOD TR T TR etthecTo gue voitage more than 10 voi.
| L @D Hooft THISPIN 1987 SONY = —— R e —
#1)0> 1T1C DRAM 0 R IL. g SONY u:o CMOS Imager 2019 NEC IEDM1982 Paper reported Image Lag
1972' 1974 Dennard et .'l m‘e Figure 6 shows that there is still image lag at the CTG gate voltage of > 10 volt.
1975 T with Back Light lllumination and Global Shutter Function




H == : JIIN s LS A4
KB OELEIERD RS
ZHNRIZ, EFRINSZFEFEMBEHLPRINTZ Z2KERDRREHE. PNESOZZERETO
RIRETRKFW XTI, YVaAVERTIE, BRHYF 0.29umbH 5 1.20um X TOKXKBEHREZRINTE
¥ 9, Single PN ESE TOZEMEBORAEREIX 28% TY, EBEICIZ20%EETT, TD

HRHEIE(DZAATORMPQ)ZARAEESCPC)PNESOEZZEATORRRMICL 52H/HES
PARABFEELENEL, ABEEBRIN-KAEFEF—NLVORTHBHEELERICESZSHTT,

Silicon O)Band Gap ‘i 1.1 ev Wi_r:_e Band-Seminmductor Me-c:_ium Ba-nd Sen":iconductor Njirow Ba'nd Serr:iconducto;_
A GG G
InP ®Band Gap (3 1.34 eV -l-—l - . . 1 - :
é In(;EaF’ (top) i (In)GaPAs (mlddle) § (In)GaAs (bottom) :
GaAs ®Band Gap & 1.42 eV /_\—~ 195 eV P il43eV : i067eV |

CdTe ®Band Gap (& 1.48 eV
GaN ®Band Gap |3 3.4 eV .
B -Ga203 ®Band Gap (X 4.5 eV 1 f’*"

[N PERIGET APNESFOESE 5 _ - : - :
e L SR [ orinens. v ostCh, TRCRCAR
CER, Triple & R cRili THOE.
EHE—=ILDRT (iﬁﬂ $E < ‘ﬁ‘ﬂﬁ Y (%! o Output Voltage V1+V2+V3 Z® InGaAs :&m%mu:t&%m}ﬁanaﬂ ZO Triplelgaild,
t = '3 %i)‘ 0) =) pﬁt t t}. 5T i ,a_ Output Current = Min (11,12,13) BEHRHABAZHEE VWAE) (CREXENHS.

B | (8)




P+PN-PP+iES KB EHDIRE Vour - 2 x Vout

e- — e- —

| o bmier [NT] b b [NA] Dened

> =7 == Y ] Light Light

(/817 Eﬁﬁ‘ﬁ?ﬂ?? % PNE% (= a)‘fl:iE S P+ | N-| P[0 P+ | N- | P
EERTOH, FEEMIC L BHET

EFR—ILVDRTINER GRS ND, |
EEIEN, SOERMELL-TVLET,

LAL. SHEOP+PRESERAZFAL.
RKEADP+PNY PERLRT7LEICESLET, 1

Vout
> Output Voltage = V1+V2
Output Current = Min (11,12)

— Base — EC e‘\ ) Base —
I e_

Heat or Light

I Single E& TIIBRFREH28% TH I

DoubleiEZE& TI360%EL DEAFTZ 3,



B KIGEHRDIESE

RE. AERIWERILEINATVLS

KISEth 2584 N+P o Single
ERETH D, THEHDFHFINE

IcH b, KEBEXICIEZLEENS

EERFENXOABETRHAZHRE

EEOH 100 ARTT bniﬁ

BREEMVELV, BERmHICH

Single #4813 MAX 28%'(*3)6
& DimXHShockleyFiZ & V) BEIC
1961FEICHALICENT WS,

LA L ZDRAIEH < X TSingle
ERROXBZBHROIZEESTH S,

20204, #*RIZ P+PNPP+®
Double IS B O KEEMBEE
REL7. JPA2020-131313,

CODW\ETIE, ZABEBIXIZIZ
R2ICEHAANBEHITLEZIL
LTHEYNYTERIPEELT
BY, ABEZBEINI-XEFL
F=ILDRTIIHE L CBEREFIC
DHMEINBIEHARETH S,
EWERHRHSBEFEINS,

https://en.wikipedia.org/wiki/Shockley—Queisser_limit

Shockley—Queisser limit

From Wikipedia, the free encyclopedia

In physics, the radiative efficiency limit (also known as the detailed
balance limit, Shockley—Queisser limit, Shockley Queisser
Efficiency Limit or SQ Limit) is the maximum theoretical efficiency of a
solar cell ysing a single p-n junction to collect power from the cell where
the only loss mechanism is radiative recombination in the solar cell. It
was first calculated by William Shockley and Hans-Joachim Queisser at
Shockley Semiconductor in 1961, giving a maximum efficiency of 30%
at 1.1 eV.[*] The limit is one of the most fundamental to solar energy
production with photovoltaic cells, and is considered to be one of the
most important contributions in the field.[?]

This first calculation used the 6000K black-body spectrum as an
approximation to the solar spectrum. Subsequent calculations have used
measured global solar spectra, AM 1.5, and included a back surface
mirror which increases the maximum solar conversion efficiency to
33.16% for a single-junction solar cell with a bandgap of 1.34 eV.[3]
That is, of all the power contained in sunlight (about 1000 W/m?) falling
on an ideal solar cell, only 33.7% of that could ever be turned into
electricity (337 W/m?). The most popular solar cell material, silicon, has
a less favorable band gap of 1.1 eV, resulting in a maximum efficiency of

w
o

20+

10

Max Efficiency (%)

1 2
Bandgap (eV)

The Shockley-Queisser limit for &3
the efficiency of a solar cell,
without concentration of solar
radiation. The curve is wiggly
because of absorption bands in the
atmosphere. In the original
paper,!!! the solar spectrum was
approximated by a smooth curve,
the 6000K blackbody spectrum. As
a result, the efficiency graph was
smooth and the values were
slightly different.

about 32%. Modern commercial mono-crystalline solar cells produce about 24% conversion efficiency, the
losses due largely to practical concerns like reflection off the front of the cell and light blockage from the thin

wires on the cell surface.

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>] (see solar cell

efficiency).
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Shockley—Queisser limit
WllglPEDIA

The Free Encyclopedia From Wikipedia, the free encyclopedia

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 .

multi-]unction solar cell with an infinite number of |azersi the corresgonding limit is 68.7% for normal sunlightf” or 86.8%
using concentrated sunlight™>] (see solar cell efficiency).
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' E-f\w-hf-hClA | | For Silicon, Ec = 1.10 eV and A = 1.12 um
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(9) P+PNPP+ES ® doubleiZ SR D #HE KB DS & £ DEMERIE

Step 10 Form the metal wirings (MASKO06)
Note that the N- buried region must be completely depleted.
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Note that the N- buried region must be completely depleted.
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Note that the N- buried region must be completely depleted.

GND V1 V2
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One Unit Cell of P+PN-PP+ junction type Solar Cell, which can be connected in series.
JPA2020-131313 by Hagiwara,
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One Unit Cell of P+PN-PP+ junction type Solar Cell, which can be connected in series.

. JPA2020-131313 by Hagiwara, .
V(i) m—— — V(i+1)
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E‘— One Unit Cell —b

. Set V(0) = Ground Voltage.
. Then we get V(i) =ixV(1)
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Digital CMOS image sensor

with highly sensitive and no image lag Hagiwara Diode ( pinned photo diode )
We need also an AD convertor absolutely !!!

1 , (3) Brain Memory Cells
(1) Regnaiyerye Cells We don’t need CCD any more !
=  Retinal blood

retina
(2) Charge Transfer Nerve Fibers

(2) CMOS type digital CTD

(1) Hagiwara 1975 Retina Diode ( pinned photo diode)

But we still need Hagiwara Diode to achieve high sensitivity and no image lag.
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Silicon crystal with the bandgap of 1.1 eV has a very short light penetration depth (LPD), which is
about 0.1 um. Technically, it is impossible to form a shallow PN junction at the silicon surface at that
shallow depth. So, the energy component of the short wave blue light is absorbed and wasted as heat.
That is why a wide band semiconductor multi-junction type solar cell was desired and developed, such
InGaP/GaAs/InGaAs by Sharp and AlGalnP/GaAs/Ge by Spectrum Lab. However they are very costly.

LPD ()
100 Light Penetration Depth

Relative Photon Power (W) )

0.7 0.8 1.011 1.3 1.6

Photon Wave Length ( pam )
T i :- For Silicon EG =1.10 eV and A— 1.12 um “ﬁi
{E =hw=hf=hc/A The light L of the length than A = 1.12
e e light energy of the wave length more than A = Hm
, E (eV) _J 34’_ A (pm) . can not be converted to electrical energy in the silicon crystal.

The P+PNPP+_Double_Junction_Solar_Cell_invented_by Hagiwara_in_2020 may give the right solution.



Solar Energy Conversion Apparatus
reported and explained in USP2780765 in 1954

Light Anti-Reflection . o ]
g Beginning era a new era, leading eventually

to the realization one of mankind’s most
cherished dreams the harnessing almost
limitless energy of sun for the use of civilization.”

Original Solar Cell reported in 1954

D. M. Chapin, C. S. Fuller and G. L. Pearson,
Journal of Applied Physics, 25, (1954)

More detailed analysis given by Morton. B. Prince,

= The only limited space The floating N region has no electric . .

of the PN junction field inside and photo pairs are not Journal Of Applled PhySICS: (1955) 534

depletion region Load separated, eventually recombined,

can contribute becoming heat and degrading the

the effective photo solar cell quantum efficiency. This  \]. \Wolf. “Historical Deve|0pment of Solar Cells”

pair separation. structure has very low efficiency. ’ ) h ’
= Proceedings of the 25th Power Source

Solar Cell with 4 % efficiency Symposium, (1972) 120

by G. L. Pearson et al in 1954
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Solid-State Electronics
Volume 24, Issue 12, December 1981, Pages =

1161-1165
Back Surface Field Silicon Solar Cell ®38A Theory of back surface field silicon solar cells
X B S.R. Dhariwal, Arun P. Kulshreshtha
SHERE (N+ £7-13P +) HFHREICHZ, HANL Abstract

(N+P$ 7- ‘3P+N) single ?&‘%ﬂd)Solar Cell @E?’;{bg‘i Back surface field silicon solar cells with n*pp* (or
5 %Ergf:‘c f:o 1963$ (= M. Wolf *|Z % e T;E PP+ sometimes p*nn*) structures are found to have better
e NN < s i A ) . Band Ga characteristics than the conventional solar cells. The
iBZntjlng §‘;£g-*ﬁﬁg£§§’j§if%t %‘%—;’FEET%;‘PJ:G‘)J existing theories have not been able to satisfactorily
N 7 ~— N

predict the experimentally observed parameters on

§Ewﬁﬁé%?ﬂ]& L. REBNMREED %$% Eﬁ L 1-:° these cells. A theory, based on the transport of both
minority and majority carriers under the charge

Cell AR THE L 7= Carrier DAGEBIFEFADRNZ BT neutrality condition, has been developed in the

6;‘: J: ") Eﬁfd)ﬁﬁé’&lj\ é ( L\ E?%%ﬁ“_ﬁh} L\i([i% present paper which explains the behavior of the back

%5&%% &L 'Cfia - *Lf:o % G)ﬁ%\ ﬁEy"ﬁ"ﬁ% ) ﬂﬁﬁw & surface field solar cells. Good agreement is achieved

@Fﬂm*@ﬁﬁﬁ%tu & Lgiﬁﬁ%'&‘y)fco %@f&% { DWHRE between the results obtained by using this theory and

izt . N+PP+ % 7- ld:P+NN+0)S|ngIe Eéﬂ@ Solar the experimental observations of earlier workers.

Cell DEHBER LIFUWENEAT, RETIE, Band Gap EEICP+EZRITEAY v b
DERWVHRICEDEF =7 a2/ e LTEEIN _HTEERETIE BF LA — LOBEORE—ETH B,
LS EBRERTOSBEKRIV 22 FELTHAIATLS, B Lo BEGBE DR (P/Pr) CHDI B, Fe
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P+P-N-P-P+ Double Junction type Solar Cell
invented and defined in JPA2020-131313 by Hagiwara(AIPS)

The surface P+P doping variation creates the Surface Barrier Drift Field, helping
the separation of photo electron and hole pairs, enhancing the short-wave blue light sensitivity.

Light Anti-Reflection
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High Resistivity (N-) or Intrinsic (I) Silicon Region completely
depleted of Majority Carrier Electrons with Empty Potential Well,
directing Photo Electrons swiftly toward the N+ Charge Storge Outlet.

Reflection NMetal

Backside Storage and Outlet NN+ region can be made small which does not contribute Photo Charge Separation.
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