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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 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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Why the maximum quantum efficiency (QE)
of a single junction type Solar cell is about 35 % ?

W. Shockley and H. Queisser, “ J. Applied Physics, 32(1961)510

@A photon with an energy less than the band gap(EG) cannot be converted to the
electron energy. QE approaches zero as EG gets larger and larger.

@A single junction type semiconductor with a very small band-gap has a very small
band-bending, resulting in a very small barrier electric field for separating photo
electron and hole pairs. QE approaches zero as EG gets smaller and smaller.

@Light with a wave length of 0.4 um has a photon energy of E = 1.24/0.4 = 3.1 eV.
In a silicon-based solar cell with the band gap of 1.1 eV, cares are needed in order
to maintain the hot electron energy of 3.1 eV from being reduced down to 1.1 eV
by collisions with other free electrons and orbit electrons in the bulk silicon crystal,
before reaching the external output load. The maximum value of QE would be
less than 1.1/3.1 = 35.5% for a silicon-based type solar cell.

@sShort-wave-length high-energy photons have a very short light penetration depth
in the silicon crystal. In case of a floating-surface N+PP+ single junction type solar cell,
there is no surface electric field in the surface N+ diffusion region. And the case
becomes worse since the photo electron and hole pairs, which have been generated
at the surface vicinity, stay together at the silicon surface. Soon or later eventually,
all of the photo electron and hole pairs are recombined and wasted into heat.
In case of the single junction type silicon-based solar cell, QE becomes very small.
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than 0.1 u m in depth at the silicon crystal surface.

(d) In order to achiove the desired high quantum Efficiency (QE), the P+P
surface resistance, RP1 and RP2, must be minimized. The silicon chip (e) (f) g
thickness is desired to be less than 204 m. The outlet resistance RN+
Is1 < «— I region must also be minimized too. Since the completely depleted N- Light Penetration Depth (LPD)
buried region with a very strong electric field helps separating the LPD(um) 4 LPD(um)
Blue photo slectron and hole pairs, directing them swiftly to the small outlet Y Wavelength | polum "
Light N+ rogion, resulting in very small values of RN1 and RN2 resistance ,._ 3” m— m:oo
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Figure 16 The relative photon power of the sun light and the light penetration depth (LPD) of the silicon(Si) and the
germanium (Ge) crystals are shown as functions of the photon wave length A in um. The energy band gap (Eg) of
the silicon crystal is 1.1 eV. The infrared -light photons with the wave length more than A = 1.24 / Eg = 1.11 um will

Relative Photon Power (W/pm |

Is? «— - N2 not be converted into the electron energy in the silicon crystal. Besides, short-wave blue light photons cannot pass thru
the silicon crystal surface more than 0.1 ~0.2 um in depth. They all will be wasted as heat. However, the surface
doping variation scheme i d by i in 1975 can create the surface conduction -band bending, enhancing

circuit Model of P+P'N'P'P+ Junction type Solar ce" photo electron and hole separations at the silicon surface and results in the high quantum efficiency(QE) for solar cells.

Blue light has a very short Light Penetration Depth (LPD) of less than 0.05 um.



“Frame Transfer CCD Image Sensor with SiO2 exposed sensor array” by Sony in 1977

(a)

/%

PHOTO—
)S :NSOR

CHANNEL STOP
|

..

//////%

ANV

OT

03

-—B
For a very expensive
Special Photodiode

1 for FT CCD image sensor,

Sony already achieved § .

40 % Quantum Eﬂiciency.g/'

Quantum Efficiency (QE)
n =100% Line

.

3

£.0p Cuzetto
#rotostices
%502  100am
**S)

o

o=

. o e
:],- y [ : I Quantum Efficiency (QE) e
s n=1.3/3.25=40 % 5:‘.,:;32- . 300mm
P St
B* L] atA=400nm 255
0<W ;UJ éoa 7loo

CHANNEL g WAVE LENGTH A lnm)
bl P Sl (C) .Spectral response of the photosensors

-

EEEEEEEEEEENEE N EEEEEEEEEEEEEEEEEEEENEENENERNEEEEEEEEESR
(5)

T. Shimada, S. Koyata, C. Okada, S. Koito, M, Futagami, M. Abe,
T. Ando, and Y. Kanoh, "Frame transfer CCD image sensor with 510y

exposed sensor array" (in Japanese), in Prof. Group Semicond.
Semicon. Device of Inst. Electron. Commun. Eng. Japan, vol.SSD-77,
no.2, 1977.

Hitachi 1977 Photodiode structure is NOT identical with Sony 1978 Pinned Photodiode.

Hitachi JPA1977 -837 Patent SONY SSDM1978 Paper

- QN M 8452837 Procoeding of the 10 Conforence on Solid State Devices, Tokyo, 1978:
...h.IZPmmd Photodlodot'l‘ﬁ‘)iﬂ'b. 2 W 535201977) 1 H108 J-p-nmw-lournnloprplmd Physics, Vol 18 (1979) Suppl 18-1, pp.335-340
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S PRI TR S o Sony achieved in 1978 QE = 0.20/0.33 =60% at A=400nm

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.

(__\ r PO|Y‘Si __l
B. C. Burkey, W. C. Chang, J. Littlehale, T. H. Lee, Dﬁae
T. J. Tredwell, J. P. Lavine, E. A. Trabka
n-
Research Laboratories, Eastman Kodak Company
Rochester, New York 14650 p‘SUbS"OtQ
)
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 !
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For a very exper;sive and special i
PNP Double Junction Photodiode.
for FT CCD image sensor, '

For a very expensive and special
PNP Double Junction Photodiode
for FT CCD image sensor,

Sony already achieved Sonyalready achieved

60 % Quantum Efficiency,
) Ha with the complete dynamic
60 A) Quantum EHICIenCV’ charge transfer action
With the Comﬁlete dynamic and the no image-lag feature.
charge transfer action

and the no image-lag feature.

For a very expensive and special
PNP Double Junction Photodiode
for FT CCD image sensor,

© * + -Sony already-achieved -

60 % Quantum Efficiency,
with the complete dynamic
charge transfer action
and the no image-lag feature.

For a very expensive
Special Photodiode
for FT CCD image sensor,
Sony already achieved
40 % Quantum Efficiency.
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Figure 16 The relative photon power of the sun light and the light penetration depth (LPD) of the silicon(Si) and the

germanium (Ge) crystals are shown as functions of the photon wave length A in  um. The energy band gap (Eg) of

the silicon crystal is 1.1 eV. The infrared -light photons with the wave length more than A = 1.24 / Eg = 1.11 um will
not be converted into the electron energy in the silicon crystal. Besides, short-wave blue light photons cannot pass thru
into the silicon crystal surface more than 0.1 ~0.2 um in depth. They all will be wasted as heat. However, the surface
P+P doping variation scheme invented by Hagiwara in 1975 can create the surface conduction -band bending, enhancing
photo electron and hole separations at the silicon surface and results in the high quantum efficiency(QE) for solar cells.

Blue light has a very short Light Penetration Depth (LPD) of less than 0.05

Circuit Model of P+P-N-P-P+ Double Junction type Solar Cel Light Penetration Depth (LPD)
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Fairchild Dec 3, 1973
< ?

@The first Vertical Overflow Drain (VOD) Patent on
CCD/MOS type image sensor by James M. Early at
Fairchild, USA on USP2896435 filed on Dec 3, 1973.
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suB (P1)

@The first PNP junction type Buried Photodiode

Paten filed on June 9, 1975 by Philips, Netherland. ,;:r; W ﬂﬁﬁ{%ﬁ%ﬁ?s
Japanese Patent Application JPA1976-65707 =y [} S0 NNV ;

AL NV A
KX D

@ he first PNP junction type Binned
Buried Photodiode with the CCD-like

(Patent No. 7596795, filed on June 9, 1975, Netherland) [ 3

@The first PNP junction type Pinned Buried Photodiode
Patents, on (a) JPA1975-127646 and (b) JPA1975-127647 it L o o
filed on Oct 23, 1975 and (c) IPA1975-134985 filed on and no-image-lag feature developed
Nov 10, 1975. all of them by Yoshiaki Hagiwara at Sony. . reported at the SSDM1978

Conference in Tokyo, Sept 1978

G bal Elect t VOD Patent
lobal and Electric Shutter Paten S B AN HugTwara ot Son.

8 ¢ ) i
wﬂj /U aa
=T /j 8 % -\J I

(a)JPAl‘B%Z?GdG (b)JPA1975 127647 (c)JPA1975 134985/

e e )

Sonv Sept 1978 089

Proceeding of the 10th Conference on Solid State Device, Tokyo, September 1978.
Hagiwara_SSDM1978 Paper_on_Pinned Buried Photodiode.pdf

- A A—-2 - (CCD - CMOS)
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[A A= H—] EBR) EHBU, HECASTRAV) O RZEEXDD, ASKHREBUTSEE,

EEO—EBTHIMRERD, YAAXHKRE BN TH S, HEBIHAS., BIRICOHHHHD. BHTH
D REDR[ND'HHD . BIMENLEFNTULVE. 1960FRHFRCA A - Y —DOMENRI— U, TDEE(R,
MOS (Metal Oxide Semiconductor) EA'RLTH>Z. SONY JPA1975-127646,127647,134985 £58

ELBETH D
19704 (ZBoyle&Smith (B§BellfizEFA) H°C CD (Charge-Coupled Deyice, BREREEET) ZRE|LEL W&
BHTHD., AA—JE H—DESRBABELT L MBEEHETIDLEL TS &, KHER(CC CDI(CaED
MABNIETEND. A AL H—BEOBRLEC CDIICR>TE. 1970F%¥H S5 FEOPLEZEERCB =,
19784, WWEBIEL (6 E2) (&, BUOVANAR UE &S (CHERDOBESARESIE I TIL— S 0% E 7 DHER A

—/(—J0—-FLAABSERBLIZL, 1979F C(3FHERE— (X4 N Eé) A BETIESREARICERL, BRED
BR A XEERHT DIEBA T A BYA(A— I (Pinned Photodiode) ZRBALIEL, CNSOEF. CCDEFEFTL—P

—%Z, BIERED) U LT SINRFINAASEERTIBE LU TRESNTLDR, L E
SONY SSDM1978 Paper 218 BB TH 3
1990FMR(CIRD &, CMOSOMELHEF,. 4BIEFEED RS OSRAY—ZBENICAEB T 2 &N 0IEEICED., 5(C

(. 1BAT A MM A — RECMOSA A= H—(LERATACETCCDEREUEDE /A XHERTE, HROD
% < OHBI TRALCRRASESD SN/, 2000 (CRESNS (M8 F£7/>) A, BUNSARUEESCRETSS
I—F 4 0% MNETIEEERALIEL, 2001FECHARES (N V——) % EERHE(CRT SRIEZE Lz,
TS DOHBEFIC K DCMOSH X — S H—HERICRD, IDEREHEVSIEHEOBIREH D, HEBECERS
N, SESFRENCIEMZE TS/, 2010ECIBHRIES (85 MC—) B 1 XA — St Y — (CERNIEEREE
BT IWMEERALL, BEELs SHE LR RN (CIE L=, SONY JPA1975-127646 818 HEMFATH 3

http://www.koueki.jiii.or.jp/innovation100/innovation detail.php?eid=00059&test=open&age=stable-growth



https://202011282002569657330.onamaeweb.jp/AIPS_Library/9_P1978_Pinned_Photodiode_1978_Paper_by_Hagiwara_7_Pages.pdf
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