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SONY Bipolar Transistor P+PNPP+ Double Junction type Solar Cell, J2828206, Aug 1, 2020.

Forming the pinnedsurface P+PNPP+ HAD region by High energy lon Implantation is the key.
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SONY Bipolar Transistor P+PNPP+ Double Junction type Solar Cell, J282828, Aug 1, 2020.
Forming the pinnedsurface P+PNPP+ HAD region by High energy lon Implantation is the key.
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Why N+NPP+ single junction solar cell has a limited transfer efficiency ?

Most of the rain drops

Most of the rain drops A are wasted on the sea.
are wasted on the sea. ‘ Hill Top Barrier
& < . (kT) In(P+/P)

works very well
for photo electron

and hole separations

K Under water Barrier (kT) In (N+/N)
does not works very well for photo
5 electron and hole separations

o L because of the flat-floating surface

< s ap with no electric field for separations. "



Why N+NPP+ single junction solar cell has a limited transfer efficiency ?

‘ | -

BEICEDSNEDS S T ) F . ?
AILEICERE Y EEAICA D, o

L= e S : R I B PN T

¢ ae _,Am.ﬁ./ _ ' B2 Y 3E CRIE

: ‘ l\/ 'YX T K

Ny & LTEHE®IC

l FETE 3,

Ly %> 25 Bl D S S BE A

KERNZEZ DL B,

BDETII/KAIVPFESTHDS
BHE FTOEOAEEIZEBKOEHZ
ICIIEEZT S XU,



M FEA

€ O e Y

Electronics Weekly (&) [T
WADI—TJTDEERM (203746%T)
hE#EEhnE U,
BEEFYILY ROBEBRICE > THRA LML
MBS ERDFHUVEDS ERBENSED

<49,
2025%F7H1H $5BIEER BARE

WARDT—J(CBE9 3 lllE 5 5.
B4ERE | ABHE

)’I': }\ b’f: S

2025 07 17

https //WWW SSIS.or.|p/

ssisad/xaazaERE RRRBEN
20255H. ZIWLAZT7H
Global High Tech Awardz32&
cshFUlk.
BE5EE :
Pinned-surface and double-junction photodiode

type super high-performance image sensor with
built-in solar cell structure
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Water Barrier, Water Gate and Water Dam Analogy of Semiconductor.

(3)P+PNPP+ Junction type Solar Cell
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Pinnedsurface and doublgunction photodiode type super higberformance image sensor with buitt solar cell structure EurekAlert
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2020_08_01_JPA2020 131313 P+PNPP+ Double Junction Solar Cel
Yoshiaki Daimon Hagiwara, AIPS
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2020_08_01_JPA2020_131313_P+PNPP+ Double Junction Solar Cell

Yoshiaki Daimon Hagiwara, AIPS

(a) Conventional N+P-P+ Single Junction by Thermal Diffusion Only
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(b) N+NP-P+ Single Junction with High Energy N lon Implantation
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(d) P+PNP-P+ Double Junction with High Energy N lon Implantation

Mask 01 lon-Implanted N region
Mask 02 N+ Thermal Diffusion
Mask 03 P+ Channel Stop

Mask 04 Contact Window

Mask 05 Metal Wire

JPA2020-131313, filed on Aug 1, 2020.
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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.
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ERITEARI

Fekekskdokoketeokkkokeokkkookoksk ok skokokokokokok kokeleokkokkekok kokok

EG=1.11 eV,

kT1=0. 0259 eV;

Esi=648 e/ (V+ um);
NC=10400000 e/ ( um)**3;
NV=28000000e/ ( 1z m) **3;

Heefeiedokoiolokokosiololekokoiokokokosioioiokokoloiolokokokololok kololok skokok

Hekckockokokokekok dokokskockokokkkok dokoksk okl kkok ok kok ok skok ok ok ok kok skok ek sk okl skok ok kokokok

(1) |
(2) |
{
{

Vout + VBP + VBN + VB ; }|
DPN = (DP+DN) /( DP + DN ) }
{ WD = sqgrt( 2xEsi*VB/DPN ) ; }
if { DP=0; },
if { DN=0; },

(3) |
(4)
(5)
(6)
(7)

Hekckockokokokekok dokokskockokokkkok dokoksk okl kkok ok kok ok skok ok ok ok kok skok ek sk okl skok ok kokokok

Vout=0v; DP =100,

log,,(DN/DP) WD WDN
1 13.549050 | 1. 774525
2 |2.788880 | 0. 253535
s [2.814624 |0.027868
+12.936866 [0.002934 |
s 3.064376 | 0. 000306 |
« |3.187861[0.000032 |

DP = Nv exp( = VBP/KT ) — Nc exp( (VBP-EG) /kT ).}
DN = Nc exp( — VBN/KT ) — Nv exp( (VBN-EG) /kT )}
EG

{ VBPP=(EG+kT*In(NV/NC)) /2=0. 567826 ;}
{ VBNN=(EG+kT*In (NC/NV)) /2=0. 542174 ;}

€p On N+NPP
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| =~ X [ Vout=0v; DP =100 ;
Conventional N+NPPSingle Junction Solar Cell WDN

WD
549050 | 1. 774525

log,,(DN/DP)

3.
> [2.788880 0. 253535

2814624 0. 027868
+ 12936866 0. 002934 |
. 13.064376 0. 000306 |
. |3.187861 [0.000032_
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(1)

EpOUNNPP > X |
DP = Nv exp( — VBP/KT ) - Nc exp( (VBP-EG) /KT ):}

{ G BEHOA TORETH
(2) { DN =Nc exp( - VBN/kT ) — Nv exp( (VBN-EG)/kT ):} RENEDRE DN)ARVAD
— . ZZERBWD)ILELES, NED
(3) [ LEG = Vout + VBP + VBN + VB : | FEWONHECTED, Ll
(4) { DPN = (DP«DN)/( DP + DN ); } AT HIHLRBEEIFHTES L,
_ _ RENEBOFHMRE (ON)E ERD
(5) [WD = sart( 2+Esi+VB/DPN ) - | BEOP)LELCTEL, DERIEL
(6) if {DP=0: }, { VBPP=(EG+kTxIn(NV/NC))/2=0.567826 ;) BAERTED, (1/THRAKE
¢HALT, AEEtOLENRE
(7) if { DN=0; }, { VBNN=(EG+kT*In(NC/NV))/2=0.542174 :} HMET3EATETH2,

Hekckockokokokekok dokokskockokokkkok dokoksk okl kkok ok kok ok skok ok ok ok kok skok ek sk okl skok ok kokokok
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Vout=0v; DP =100,

Conventional N+NPPSingle Junction Solar Cell

log,,(DN/DP)

WDN

1. 774525

0. 253535

0. 027868

0. 002934

0. 000306 |

EG=Vout+VB+VBP+VBN ; | :

0. 000032 |
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2020_08_01_JPA2020_131313 P+PNPP+ Double Junction Solar Cell
Yoshiaki Daimon Hagiwara, AIPS

(a) Conventional N+P-P+ Single Junction by Thermal Diffusion Only
- Mask 01 N+ Thermal Diffusion

Mask 02 P+ Channel Stop

Mask 03 Contact Window

Mask 04 Metal Wire

(b) N+NP-P+ Single Junction with High Energy N lon Implantation
Mask 01 lon-Implanted N region
Mask 02 N+ Thermal Diffusion
Mask 03 P+ Channel Stop

Mask 04 Contact Window

Mask 05 Metal Wire

(c) N+NP-P+ Single Junction with High Energy N lon Implantation

- H e Mask 01 lon-Implanted N region
P | Mask 02 N+ Thermal Diffusion

meom g Mask 03 P+ Channel Stop
p- Mask 04 Contact Window
%) Mask 05 Metal Wire

(d) P+PNP-P+ Double Junction with High Energy N lon Implantation

JPA2020-131313, filed on Aug 1, 2020.

Mask 01 lon-Implanted P+P region
Mask 02 lon-Implanted N region

mon i ; Mask 03 N+ Thermal Diffusion
p- Mask 04 P+ Channel Stop
" Mask 05 Contact Window

Mask 06 Metal Wire

Conventional N+NPPSingle Junction Solar Cell

EG=Vout+VB+VBP+VBN ;
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2020_08_01_JPA2020_131313 P+PNPP+ Double Junction Solar Cell
Yoshiaki Daimon Hagiwara, AIPS

(a) Conventional N+P-P+ Single Junction by Thermal Diffusion Only

Mask 01 N+ Thermal Diffusion
Mask 02 P+ Channel Stop
Mask 03 Contact Window
Mask 04 Metal Wire

(b) N+NP-P+ Single Junction with High Energy N lon Implantation
Mask 01 lon-Implanted N region
Mask 02 N+ Thermal Diffusion
Mask 03 P+ Channel Stop

Mask 04 Contact Window

Mask 05 Metal Wire

(c) N+NP-P+ Single Junction with High Energy N lon Implantation
= H e Mask 01 lon-Implanted N region
wll Mask 02 N+ Thermal Diffusion
Mask 03 P+ Channel Stop

Mask 04 Contact Window

io9) Mask 05 Metal Wire

: g
ridssie

(d) P+PNP-P+ Double Junction with High Energy N lon Implantation
JPA2020-131313, filed on Aug 1, 2020.

L — ﬁ —E— Mask 01 lon-Implanted P+P region
T T Mask 02 lon-Implanted N region
=3 Mask 03 N+ Thermal Diffusion
o Mask 04 P+ Channel Stop
on Mask 05 Contact Window

Mask 06 Metal Wire

(a) and (b) TONiew

(c) TORV/iew

(d) TOPView
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As an undergraduate student at Caltech
from Sept 1967 till June 1969, at age 19 to 20,
| learned Feynman Physics from Prof. Feynman
and Prof. Leighton at Pasadena, California USA.
Yoshiaki Daimon Hagiwara
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constant 80 long @ &V 1 not 100 large. When they approach the barrier, these
carriers will still find a downhll potential and will all fall down (o the paide
(IF 3 is larger than the natural poteatial difference V', the situation would change.
but we will not consider what happens at such high voltapes) The net current / of
positive carriers which flows across the junction is then the difference between the
curtents from the two sides

Do It 2 ) (14.14)

The net current / of holes flows into the mtype region. There the holes diffuse
into the body of the mregion, where they are cventually anaihilated by the majority
miype cartiers—the clectrons. The ehoctrons which are Jost in this anaihilation
will be made wp by & current of electrons from the external terming] of the m-type
maletial

™ When AV is zero, the net current In EQ. (14,14) b 2eco. Fee positive AV the
current increases rapidly with the applied voltage. For negative 3V the current
reverses in sign, but the exponeatial term soon becomes negligible and the negative
cufrent mever excoeds Jo—which under cur awumptions is rather small This
back current /g is limited by the small density of the minority carriers o the wsk
of the junction

1f you go through exactly the same analysis for the current of negative carriers
which flows actoss the junction, first with no potential difference and then with a
small exiernally appled poteatial difference AV, you pet again an equation just
like (14.14) for the net elestron current, Since the total current is the sum of the
currents contributed by the two o EqQ. (14.14) still applies foe the toul
current provided we identify 7, as the maximum current which can flow for 3
reversed voltage.

The voltage<current characteriitic of Eq, (14.14) is shown in Fig. 14-10. 1t
shows the typical bebavior of salid state diodes—such iy those used In moders
computers. We should remark that Eq. (14.14) Is true only for stall voltages
For voltages comparable to o¢ larger than the natural internal voltage difference
¥, other effects come into play ase! the carreat o fonger obeys the simple equation.

You may remember, incideatally, that we pot exactly the same equation we
have found hete in Eq. (14.14) when we discussed the “mochanical rectifier™the
fatchet and pawl—ia Chapter 4 of Volume . We get the same equations in the
WO situations because the basic physical processes are quite similar

146 The transistor

Perhaps the most important application of semiconductors it in the transistor,
The tramistor consists of two semiconductor junctions very chose together, Ity
operation is based in part on the same principles that we just described for the
semiconductor diode~the rectifylng junction. Suppose we malke a little bar of
germaniom with three distinet tegions, & ptype region, an atype region, and
another ptype region, as shown in Fig. 14-11(a). This combination is called a
penep transistor, Each of the two junctions in the transistor will behave much in
the way we have described in the last section. In particular, there will be 2 potential
gradient at each junction having a certain potential drop from the a-ype region to
each pype reglon. If the two petype regions have the same internal propertics,
the variation in potential % we go across the crystal will be as shown in the graph
of Fig, 14-11(b).

Now ket's imaging (hat we connest each of the three regions 10 exiernal voltage
sources a8 shown in part (a) of Fig, 14-12. We will refer all voltages to the terminal
connected 10 the lefi-band pregion so it will be, by definition, at zero potentid]
We will call this te | the emtitter, The mtype region is called the Aase and it is
connected 10 8 shightly negative potential, The right-hand ptype region is called
the collector, and is connected 10 2 somewhat larger negative potential, Under
these circumstances the variation of potential across the crystal will be as shown in
the graph of Fig. 14-12(b)

Let's first see what happens to the positive carrices, vince it is primarily their
behavior which controls the operation of the poa-p tramsistor. Since the emitter fs
W1
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constant so long as AV is not too large. When they approach the barrier, these
PRI N a dpwnNJ Pisfial and will all fall down 10 the p-side.
(1€ AV is larger than the natural potentinl difference V, the situation would change,
bigt w! will not consider what happens at such high voltages.) The net current / of

positive carriers which flows scross the junction is then the difference between the
currents from the two sides:

[N

1= (et 1377 _ 1y, (14.14)

The net current / of holes flows into the a-type region. There the holes diffuse
into the body of the #-region, where they are eventually annihilated by the majority
n-type carriers—the clectrons. The clectrons which are Jost in this annihilation
will be made up by a current of electrons from the external terminal of the n-type
material

When AV is zero, the net current in Eq, (14.14) #s zero. For positive AV the
current increases rapidly with the applied voltage. For acgative AV the current
reverses in sign, but the exponential term soon becomes negligible and the negative
current never exceeds Jo—which under our assumptions js rather small. This
back current /, is limited by the small density of the minority carriers on the n-sulr
of the junction.

If you go through exactly the same analysis for the current of negative carriers
which flows across the junction, first with no potential difference and then with a
small externally applied potential difference AV, you get again zn equation just
like (14.14) for the net electron current, Since the total current is the sum of the
currents contributed by the two carriers, Eq. (14,14) still applies for the totzl
current provided we identify 7, as the maximum current which can flow for a
reversed voltage.

The voltage-current characteristic of Eq. (14.14) is shown in Fig. 14-10. It
shows the typical behavior of solid-state diodes—such as those used in modern
computers.  We should remark that Eq. (14.14) is true only for small voltages,
For voltzges comparable to or larger than the natural internal voltage difference
¥, other effects come into play and the currént no longer obeys the simple equation.

You may remember, incidentally, that we got exactly the same equation we
have found here in Eq. (14.14) when we discussed the “mechanical rectifier**—the
ratchet and pawl—in Chapter 46 of Volume I. We get the same equations in the

two situations because the basic physical processes are quite similar,

14-6 The transistor

Perhaps the most important application of semiconductors is in the transistor,
The transistor consists of two semiconductor junctions very close together. lis
operation is based in part on the same principles that we just described for the
semiconductor diode—the rectifying junction. Suppose we make a little bar of
germanium with three distinet regions, a p-type region, an #-1ype region, and
another p-type region, as shown in Fig. 14-11(a). This combination is called 2
p-n-p transistor. Each of the two junctions in the transistor will behave much in
the way we have described in the last section. In particular, there will be 2 potential
gradient at each junction having 2 certain potential drop from the n-type region to
cach p-type region, If the two p-type regions have the same internal properties,
the variation in potential as we go across the crystal will be as shown in the graph
of Fig. 14-11(b).

Now let’s imagine that we connect each of the three regions 10 external voltage
sources as shown in part (a) of Fig, 14-12, We will refer all voltages to the terminal
connected to the left-hand p-region so it will be, by definition, at zero potentidl
We will call this terminal the emirter. The n-type region is called the base and it is
connected to a slightly ncgative potential. The right-hand p-type region is called
the collecror, and is connected 10 n somewhat larger negative potential, Under
these circumstances the variation of potential across the crystal will be as shown in
the gruph of Fig. 14-12(b).

Let's first sec what happens to the positive carriers, since it is primarily their
behavior which controls the operation of the p-n-p transistor. Since the emitter is
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Intrinsic Silicon Substrate

: X 0 X=XJ 5
{ EG j‘/OUt+VB+VBN+VBFVout—O VB=0:} T ....... ; )

No Electric Field
for Photo Electron and Hole Pair Separations

i

DN= NC exp( VBNKT) ¢ Nv exp( (VBN EG )kT))  VBF

./
l

= VBP

No Electric Field
for Photo Electron and Hole Pair Separations

VBP = (1/2)( EG(KT) In (Nc/Nv))
DP= Nv exp{ VBPKT) ¢ Nc exp( ( VB EG )KT) )
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o [ ; Percentage (%) of photons penetrating in the depth X(um) in silicon crystal. / \
: N L Sun Light Power Density in Silicon Crystal ~ | Y(A) =S(4) exp( - X/A(A
o N P P+ Ty85% and ks 10818 o d1e0.8ymand Xos0S6m b
i | e EX) A(A) =al’;
I parard — wo — ver TRk %0 b sl dedim 80%9. we803% | a=44614211 ;b=6.30825; |
= b L = I Silicon Crystal o Fostngaace o gn 7 ‘
) gy Y, 1 1VBP~kTIn(g_:)‘ Penetrating 100% gy 0% 1 s ) ;
— e Y VBN | yan~kT In (NC) | T lkeminated Ught = A=Llym 0% PX .JYIAM:PW-.‘S’I“ ' |
S o \ oN ) Light 81% . % | ; ) |
;L‘;;’-};- — X (pm)— . e l=wnm[:> ﬁ :> :> 9% 0% 1=07 gm ; Sun Light Power (%) = £00=P00/Po ; |
l_ o] x , X1 3 X) X2 ”’si« Xw l no. o S0 ),
ve= _DP*DN*WD' Sie - Si+ Sie (y) . 4 s 43.9% ol
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< = 4 for 1000cm P-tvoe Silicon Wafer
Vout= 0 DP = 100 DP = 200 DP = 300 DP = 400 DP = 500
DN/DP=1 WD=3. 549050 WDN=1.774525 WD=2.600617 WDN=1.300308 WD=2. 165704 WDN=1.082852 WD=1.901123 WDN=0.950562 WD=1.717945 WDN=0.858973
DN/DP=10 WD=2. 788880 WDN=0. 253535 WD=2. 035892 WDN=0. 185081 WD=1.692053 WDN=0.153823 WD=1.483373 WDN=0.134852 WD=1.339131 WDN=0.121739
DN/DP=100 WD=2. 814624 WDN=0.027868 WD=2. 048425 WDN=0.020281 WD=1.699707 WDN=0.016829 WD=1.488462 WDN=0.014737 WD=1.342637 WDN=0.013293
DN/DP=1000 WD=2. 936866 WDN=0.002934 WD=2. 132015 WDN=0.002130 WD=1. 766677 WDN=0.001765 WD=1.545701 WDN=0.001544 WD=1.393321 WDN=0.001392
DN/DP=10000 WD=3. 064376 WDN=0. 000306 WD=2.219884 WDN=0.000222 WD=1.837390 WDN=0.000184 WD=1.606327 WDN=0.000161 WD=1.447133 WDN=0.000145
Vout= 0 DP = 600 DP = 700 DP = 800 DP = 900 DP = 1000
DN/DP=1 WD=1.581217 WDN=0.790608 WD=1.473986 WDN=0.736993 WD=1.386891 WDN=0.693446 WD=1.314275 WDN=0.657138 WD=1.252491 WDN=0. 626246
DN/DP=10 WD=1.231598 WDN=0.111963 WD=1.147347 WDN=0.104304 WD=1.078972 WDN=0.098088 WD=1.022003 WDN=0.092909 WD=0.973562 WDN=0. 088506
DN/DP=100 WD=1.234031 WDN=0.012218 WD=1.149007 WDN=0.011376 WD=1.080049 WDN=0.010694 WD=1.022628 WDN=0.010125 WD=0.973825 WDN=0. 009642
DN/DP=1000 WD=1.279925 WDN=0.001279 WD=1.191208 WDN=0.001190 WD=1.119295 WDN=0.001118 WD=1.059440 WDN=0.001058 WD=1.008589 WDN=0.001008
DN/DP=10000 WD=1. 328745 WDN=0.000133 WD=1.236173 WDN=0.000124 WD=1.161170 WDN=0.000116 WD=1.098767 WDN=0.000110 WD=1.045770 WDN=0.000105
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Super High ResistivitytiPpe Silicon Substrate Wafer

P

ForP-t ype silicon chip with thickn

Rs~(200am) (200hc MMA)( 10 4h

For Area (1 cm x 1 cm ) and Thickness ( 200A m),
P-type silicon wafer has the substrate resistanceRs 4 h .

Rs = (kR) (Thickness)/(Area) ; DP=10" cth 1dP, ~ 200mOY
Impurity Atom Density Resistivity-tMpe Resistivity-B/pe
10" e R 05mOY % C1mOY
10" cm - smoy % ©10mOY
10" cm PR somoy IPR,- 200m0Y

AO01



AS—
AS—

AS— P

I

ForP-t ype silicon chip with thickn

Rs~(200am) (200hc m)mA)( 10 4h ;

For Area (1 cm x 1 cm ) and Thickness (200A m),
P-type silicon wafer has the substrate resistanceRs 4 h .

Rs = () (Thickness)/(Area) ; DP=10" cth @M, 200mOY

Use High Energy lon Implantation Methad
to form an NP single junction photodiode
with the NP junction depth X=3A m.
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Rs = (IR) (Thickness)/(Area) ; DP =10" o 0P, © 200m Y]
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X(A m)

Use High Energy lon Implantation Methad
to form an NP single junction photodiode
with the NP junction depth X= 3A m.
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Use High Temperature Diffusion Method to form
N+ and P+ regions for external ohmic contacts
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ForP-t ype silicon chip with thickn
Rs~(200h@apm) / Calnd) = 4h

For Area (1 cm x 1 cm ) and Thickness (200A m),
P-type silicon wafer has the substrate resistanceRs 4 h .

Rs = (%) (Thickness)/(Area) ; pP=10" cih PR, © 200mOY
Impurity Atom Density Resistivity-tMpe Resistivity-B/pe
10" e R 05mOY % C1mOY
10" cm - smoy % ©10mOY
10" cm PR somoy IPR,- 200m0Y

A05



—— Sij+
ol

Load — X@my— e-e-e-e-

4 s ! =
G = Si+ _>Si+f

DP = 10" ¢ f&ﬂb' 200m OY]

lu o= | (Si)+(Lighth (S4)+ (&) e

o
X®




VBP *TIn (RPP)
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vB=_ DP*DN*WIZ
2*Esi*(DP+DN)

DP = 10" ¢ f&ﬁ,' 200m OY]

-

Si+
Light& EG 2Vout + VB + VBN + VBP: .



Light
N: | P P
X Xjp  iXe Xpp Xw
—\\D—*

DP =10 ¢h flﬂb' 200m O Y

EG 2vout+ VB + VBN + VBP; / FInd the maximum Value WD, ;

kT=0.0259eV :
VBP Tin (22X) Esi=648 eff Y eV) ;
VBN Tin QNN DPP Nv=2.80 x 15 cm ;
e DNN Ne=1.04 x 10 cm ;
Ve 2*Esi*(DP+DN) DP=100> YS :
DN>DP :
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EG 2vout+ VB + VBN + VBP; / FInd the maximum Value WD, ;

kT=0.0259eV :
VBP Tin (22X) Esi=648 eff Y eV) ;
VBN Tin QNN DPP Nv=2.80 x 15 cm ;
e DNN Ne=1.04 x 10 cm ;
Ve 2*Esi*(DP+DN) DP=100> YS :
DN>DP :
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EG 2vout+ VB + VBN + VBP; / FInd the maximum Value WD, ;

kT=0.0259eV :
VBP Tin (22X) Esi=648 eff Y eV) ;
VBN Tin QNN DPP Nv=2.80 x 15 cm ;
e DNN Ne=1.04 x 10 cm ;
Ve 2*Esi*(DP+DN) DP=100> Y8 :
DN>DP :
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Intrinsic Silicon Substrate

: X 0 X=XJ 5
{ EG j‘/OUt+VB+VBN+VBFVout—O VB=0:} T ....... ; )

No Electric Field
for Photo Electron and Hole Pair Separations

i

DN= NC exp( VBNKT) ¢ Nv exp( (VBN EG )kT))  VBF

./
l

= VBP

No Electric Field
for Photo Electron and Hole Pair Separations

VBP = (1/2)( EG(KT) In (Nc/Nv))
DP= Nv exp{ VBPKT) ¢ Nc exp( ( VB EG )KT) )




« = WDN fg= WDP—yp.

X=0 X=X1 X=XJ  X=X2

e \\[ D e

DN= Nc exp( VBNKT) ¢ Nv exp( ( VBN EG )KT) )

No Electric Field

-------------------------------

<

5 -
|

|

No Electric Field ‘ -

VBP = (1/2)( EG (t<T) In (Nc/Nv))

DP= Nv exp{ VBPKT) ¢ Nc exp( ( VB EG )KT) )
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D(X)
NN>0

!

Q

X2

X
<
X
w

i
T
w
N
o

-P2<0

-P1<0 -P1<0

(1) VZ VM-NN  (XM-X2)*(XM-X2)/2/ESi=P2*X2*X2/2/ESi+A*X2+B;
(2) E2=NN*(XMX2)/Esi=P2*X2/Esi+A ar(P2*X2/ESi+A) ?7?

(3) V1=P2*X1*X 1/2/Esi+A*X1+B=P1*(XEs)*(X 1Xss)/2/Esi:

(4) E1=P1*(XXsS)/Esi=P2*X1/Esi+A qf P2*X1/Esi+A)??

(5) (XEXSS)*PL+(XX1)*P2=(XMX2)*NN:

(6) (XIX3)*P3=(X3XM)*NN:



D(X)

VM=(XJIX3)*(XIXI3)*P3/2/Esi + (XHKM)*(X3FXM)*NN/2/Esi;
(XIX3)*(X3X3) ORAM)*(X3XM) P1<0
For { NN=1000, P3=100,X3=3,VM=0.5;},
XM=X3sqrt(2*Esi*VM/NN/(1+NN/P3)) =

(XIX3)*P3=(XKM)*NNA (XjX3)=(XaXM)*NN/P3 =









XJ 1>Y: XS HnAnn>YT

DN+ = 10° ¢
DP = 1Jo‘3 cr’h
DP+ = 10 cm






