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Al+ Si+
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Si+
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WD
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EG
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VBP
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Xpp
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XwXpp
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P
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SiO2
IntrinsicSilicon Substrate

Load

N+ P+

VBP

VBP

Vout=0

VBP = (1/2)( EG ς( kT ) ln ( Nc / Nv ) ) 

X=0 X=XJ

DP= Nv exp( ς VBP/kT ) ς Nc exp( ( VBP ς EG )/kT ) )

DN= Nc exp( ς VBN/kT ) ς Nv exp( ( VBN ς EG )/kT ) )

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

No Electric Field 
for Photo Electron and Hole Pair Separations

VBN

No Electric Field 
for Photo Electron and Hole Pair Separations

{ EG = Vout+VB+VBN+VBP; Vout=0;VB=0; }
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For P-type  silicon chip with thickness 200ѧm and Area 1 cm x 1 cm, 

Impurity Atom Density          Resistivity N-type         Resistivity P-type 

10   cm                                ˙0.5 ʍŎƳ                        ̇ 1 ʍŎƳ                   
16 -3

10   cm                                 ˙5 ʍŎƳ                          ˙ 10 ʍŎƳ                   
15 -3

10   cm                                 ˙50 ʍŎƳ                       ̇ 200 ʍŎƳ                   
14 -3

Super High Resistivity P-type Silicon Substrate Wafer 

Ѭ

Ѭ

Ѭ

Ѭ

Ѭ

Ѭ

n

n

n

p

p

p

For Area (1 cm x 1 cm ) and Thickness ( 200 ѧm ) ,
 P-type silicon wafer has the substrate resistance  Rṡ 4ћ.

Rs ~ (200ѧm)(200ћcm)/(10 ѧm  ) = 4ћ ;

P

14 -3
DP = 10   cm    for           ˙ 200 ʍŎƳ ;                   pѬ(1)Rs = (Ѭ)  (Thickness)/(Area) ;

A01



P

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

As
As

As

8 2

For P-type  silicon chip with thickness 200ѧm and Area 1 cm x 1 cm, 

For Area (1 cm x 1 cm ) and Thickness ( 200 ѧm ) ,
 P-type silicon wafer has the substrate resistance  Rṡ 4ћ.

Rs ~ (200ѧm)(200ћcm)/(10 ѧm  ) = 4ћ ;

14 -3
DP = 10   cm    for           ˙ 200 ʍŎƳ ;                   pѬ(1)Rs = (Ѭ)  (Thickness)/(Area) ;

A02



P

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

As
As

As

N

X(       ) 

D(X)

P

N
X j

0 Xm

Xw
ѧm

14 -3
DP = 10   cm    for           ˙ 200 ʍŎƳ ;                   pѬ(1)Rs = (Ѭ)  (Thickness)/(Area) ;

A02



P

Use High Temperature Diffusion Method to form
  N+ and P+ regions for external ohmic contacts

D(X)

N

P

N
X j

0

N+ P+

P+

N+

Xn

Xpp

Xm

XwѧmX(       ) 

14 -3
DP = 10   cm    for           ˙ 200 ʍŎƳ ;                   pѬ(1)
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PNN+ P+

8 2

For P-type  silicon chip with thickness 200ѧm and Area 1 cm x 1 cm, 

Impurity Atom Density          Resistivity N-type         Resistivity P-type 

10   cm                                ˙0.5 ʍŎƳ                        ̇ 1 ʍŎƳ                   
16 -3

10   cm                                 ˙5 ʍŎƳ                          ˙ 10 ʍŎƳ                   
15 -3

10   cm                                 ˙50 ʍŎƳ                       ̇ 200 ʍŎƳ                   
14 -3

Ѭ

Ѭ

Ѭ

Ѭ

Ѭ

Ѭ

n

n

n

p

p

p

For Area (1 cm x 1 cm ) and Thickness ( 200 ѧm ) ,
 P-type silicon wafer has the substrate resistance  Rṡ 4ћ.

Rs = (Ѭ)  (Thickness)/(Area) ;

Rs ~ (200ћcm) (200ѧm)/(10 ѧm  ) = 4ћ ;

14 -3
DP = 10   cm    for           ˙ 200 ʍŎƳ ;                   pѬ(1)
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PNN+ P+

0 X jXn XppX2X1 Xw

Load

e-

e-

e-
e- e-

Si+

Si+ Si+ Si+

Si+

e- e- e-e- e- e-

Light 

Light ( Si ) + ( Light) Ą  (Si+) + ( e- )

14 -3
DP = 10   cm    for           ˙ 200 ʍŎƳ ;                   pѬ

e-ѧmX(       ) 

(1)

e-

Si+
Si+

e-

Load

e-

e- e- e-
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PNN+ P+

0 X jXn X2X1 Xw

Load

e-

e-

e-
e- e-

Si+

Si+ Si+ Si+

Si+

e- e- e-e- e- e-

Light 

Light 

14 -3
DP = 10   cm    for           ˙ 200 ʍŎƳ ;                   pѬ

e-ѧmX(       ) 

EG

VB

Vout

VBP

EG = Vout + VB + VBN + VBP;

VBP = kT ln (        )  DPP
DP

VBN
VBN = kT ln (        )  DNN

DN

VB= DP*DN*WD2

(1)

(2)

(4)

(3)

2*Esi*(DP+DN)

WD

Xpp

Load

e-

e- e- e-

A07



PNN+ P+

Light 

14 -3
DP = 10   cm    for           ˙ 200 ʍŎƳ ;                   pѬ

EG = Vout + VB + VBN + VBP;

(1)

(2)

VB= DP*DN*WD2(4)
2*Esi*(DP+DN)

VBP = kT ln (        )  DPP
DP

VBN = kT ln (        )  DNN
DN

(3)

WD
X j X2X10 XwXn

kT=0.0259eV ;
Esi=648 e/(˃ Ƴʾ eV) ;
DPP ̇ Nv = 2.80 x 10  cm  ;
DNṄ Nc = 1.04 x 10  cm  ;
DP=100 ˃ Ƴ   ;
DN>DP ;

-3

Find the maximum Value WD ;

-3

-3

19

19

Xpp
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PNN+ P+

Light 

14 -3
DP = 10   cm    for           ˙ 200 ʍŎƳ ;                   pѬ

EG = Vout + VB + VBN + VBP;

(1)

(2)

VB= DP*DN*WD2(4)
2*Esi*(DP+DN)

VBP = kT ln (        )  DPP
DP

VBN = kT ln (        )  DNN
DN

(3)

WD
X j X2X10 XwXn

WḊ 2.2 ˃ Ƴ

Xpp

A09

kT=0.0259eV ;
Esi=648 e/(˃ Ƴʾ eV) ;
DPP ̇ Nv = 2.80 x 10  cm  ;
DNṄ Nc = 1.04 x 10  cm  ;
DP=100 ˃ Ƴ   ;
DN>DP ;

-3

Find the maximum Value WD ;

-3

-3

19

19



PNP+ P+

Light 

14 -3
DP = 10   cm    for           ˙ 200 ʍŎƳ ;                   pѬ

EG = Vout + VB + VBN + VBP;

(1)

(2)

VB= DP*DN*WD2(4)
2*Esi*(DP+DN)

VBP = kT ln (        )  DPP
DP

VBN = kT ln (        )  DNN
DN

(3)

WD
X j X2X1 XwXpp

WḊ 2.2 ˃ Ƴ
0 Xp

P+

WD

P

X4 X3

WN WN WP

WN=WP+WN;

A10

kT=0.0259eV ;
Esi=648 e/(˃ Ƴʾ eV) ;
DPP ̇ Nv = 2.80 x 10  cm  ;
DNṄ Nc = 1.04 x 10  cm  ;
DP=100 ˃ Ƴ   ;
DN>DP ;

-3

Find the maximum Value WD ;

-3

-3

19

19



PNP+ P+

Light 

WD
X j X2X1 XwXpp

WṖ WḊ 2.2 ˃ Ƴ ;

0 Xp

P+

WD

P

X4 X3

WN WN WP

WN=WP+WN;

WḊ 2.2 ˃ Ƴ ;

WN˙0.0 ˃ Ƴ ;
X1̇ Xj̇ ͏ ˃ Ƴ ;

X3̇ Xj̇ ͏ ˃ Ƴ ;
X2̇ Xj + WḊ  ͑ .͎ ˃ Ƴ ;

X4̇ Xj ς WD˙͌.͔ ˃ Ƴ ;
A11



PNN+ P+
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e- e- e-
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WD
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WN WN WP
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SiO2 N+ P+
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Rout
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Al+
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Al+ Si+
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N P

EG=Vout+VB+VBP+VBN ;
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e- e- e- e-
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Si+Si+
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e- e- e- e-
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X=X1 X=X2X=0
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Si+Vout
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Iout e-
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Electron Fog(e-)

Hole Fog (Si+)
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SiO2 N+ P+
Rs

Rout

- Vout <0

Light

X=X1 X=X2X=0
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Iout

Iout

e-

- Vout <0

Iout Rs
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Light

Isc Isc

Isc

Id
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Ie

Vs >0Rout

P

Vs >0
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SiO2 P+
Rs

Rout

- Vout <0

Light

X=X1 X=X2X=0

WD
Iout

Is

e-

- Vout <0

Iout Rs

Is

Light

Isc Isc

Isc

Id

Re

Ie

Vs >0

P+

N+

P

Idd

Idd

1

2

Rout

N P

Vs >0



Vout < 0

Ie
Light

Iout

Iout

Id

Isc

Rs

Re

Isc
Vs > 0

Rout



SiO2
IntrinsicSilicon Substrate

Load

N+ P+

VBP

VBP

Vout=0

VBP = (1/2)( EG ς( kT ) ln ( Nc / Nv ) ) 

X=0 X=XJ

DP= Nv exp( ς VBP/kT ) ς Nc exp( ( VBP ς EG )/kT ) )

DN= Nc exp( ς VBN/kT ) ς Nv exp( ( VBN ς EG )/kT ) )

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

No Electric Field 
for Photo Electron and Hole Pair Separations

VBN

No Electric Field 
for Photo Electron and Hole Pair Separations

{ EG = Vout+VB+VBN+VBP; Vout=0;VB=0; }



SiO2

Load

N+ P+

VBP

ςVout<0

X=0 X=XJ

N P

X=X2

Load

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

Vout

VB

VBP

VB

DN= Nc exp( ς VBN/kT ) ς Nv exp( ( VBN ς EG )/kT ) )

VBP = (1/2)( EG ς( kT ) ln ( Nc / Nv ) ) 

DP= Nv exp( ς VBP/kT ) ς Nc exp( ( VBP ς EG )/kT ) )

No Electric Field 

No Electric Field 

WD

X=X1

WDN WDP

VBN
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Metal

P+ P+

Load

Psub

SiO2SiO2

N+



P+

Metal

Load

SiO2SiO2

IntrinsicSilicon Substrate

P+ P+N+

P

N+

No Electric Field     



P+

Metal

Load

Psub

SiO2SiO2

N N

IntrinsicSilicon Substrate

P+ P+P+P+
N+

P P



P+

Metal

P+ P+

Load

Psub

SiO2SiO2

N+

N N



Load

Vout<0

Ie

Light
Iout

Is

IdIsc

Rs

Re

Isc = Iout + Id + Ie 

Is = Id + Ie



Load

Vout<0

Ie

Light
Iout

Is

IdIsc D1
D2

Id2 Ies



Vout > 0
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Id1
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D1

Id2

Vdd > 0
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Metal

Load

SiO2SiO2

N N
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IntrinsicSilicon Substrate



P+

P+ P+

P

Intrinsic Siliconor SiO2

N

N+P P

N

SiO2 SiO2

Load



P+

P
P

P+

D(X)

X͌ XssX1
X2 XM X3

XJ X4 XS

-P1<0

NN>0

-P2<0

-P1<0

-P3<0

(1) V2˹ VM-NN̎ (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 ς(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 ς( P2*X1/Esi+A)??
(5) (X1-Xss)*P1+(X2-X1)*P2=(XM-X2)*NN;
(6) (XJ-X3)*P3=(X3-XM)*NN;

N



N

P

P+

D(X)

X
XM X3

XJ X4 XS

NN>0

-P1<0

-P3<0

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 Ą (Xj-X3)=(X3-XM)*NN/P3 =                ;

͌
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ͺΔLoad
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ͺΔ

SiO2

ͺΔLoad

P˴
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ͺΔͺΔSiO2

ͺΔLoad

N+ P˴P

DN+ = 10   cm
18 -3

DP    = 10   cm
15 -3

DP+   = 10   cm

XJ˹ 1 ˃ Ƴ ;

19 -3

XS˹ нлл˃ƳΤ




