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The output signal of an image sensor is buried in many kinds of noises

and appears only in a short time slotΔT during the total cycle time T.
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The dominant noise is the clocking noise coupled by the parasitic

oxide capacitance between the reset gate and the floating signal

output diffusion. Others are white noise, 1/f noise and CkT noise.

H. Nyquist, “Thermal agitation of electric charge in conductors,” Phys. Rev. 32, 110–113 (1928).



Artificial Intelligent Image Sensor

7 In Pixel Correlation Double Sampling (CDS) circuit

Yoshiaki Hagiwara

The CkT noise is proportional to the large and long dimension of the

floating diffusion signal line between the pixel and the output circuit.

H. Nyquist, “Thermal agitation of electric charge in conductors,” Phys. Rev. 32, 110–113 (1928).
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One single sample hold circuit was not enough to eliminate all of the

undesired noise components because the pre charge reset level of

the output signal itself is not constant and has fluctuations.
VsigA(t)

Vsig(t)

H. Nyquist, “Thermal agitation of electric charge in conductors,” Phys. Rev. 32, 110–113 (1928).
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In 1972, M. White proposed Correlated Double Sample (CDS) circuit which

has three sample hold circuits and one analog subtraction circuit to delete

the undesired noise components of the output signal of CCD image sensors.

M .H. White, D. R. Lanpe, F. C. Blaha and I. A . Mack, 
"Characterization of surface Channel CCD Image Arrays at Low Light Level",
IEEE Journal of Solid State Circuits, SC-9, pp.1-13 (1974)
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CDS processing typically consists of subtracting the reset nose components

of the SH(1) and SH(2) circuits from the integrated video signal

output obtained from the SH(3) circuit.

Vsig(t)
t = T2t= T1

VsigB(t)

VsigA(t)

Time (t)

VsigB(t) 
VsigA(t)
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The noise reduction circuit for image sensors, now called as the

correlated double sampling (CDS) circuit, worked very well not only for

CCD image sensors but also specially for MOS image sensors which had

serious column line fixed pattern noise and large CkT noises.

Source Follower Current Amplifier Circuit used in Sample Hold Circuit 
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Source follower
Current Amplifier

Vdd

Rs

CSH

The correlated double sampling (CDS) circuit was expected to reduce

not only the clocking noise coupled by the parasitic oxide capacitance

between the reset gate and the floating signal output diffusion but also

the white noise, 1/f noise and CkT noise. But the truth was not so easy.

Sample Hold Circuit used in Correlated Double Sampling (CDS) circuit  
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The 1/f noise was a serious problem. Originally the buried channel CCD

was proposed to protect the photo signal charge from the semiconductor

surface interface trapping site which is the cause of 1/f noise.
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However, originally the horizontal output gate (HOG) and the pre

charge reset gate (PG) both were of the surface channel MOS

transistor type.And they did have the surface trap 1/f noise problem.
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First the horizontal output gate (HOG) was made with the buried

channel depletion mode MOS transistor type. And some decrease of

the surface trap 1/f noise was observed, but not enough.
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Then the pre charge reset gate (PG) was also made with the buried

channel type depletion mode MOS transistor. And the surface trap

1/f noise was finally minimized as expected theoretically.
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The signal charge must be protected from the surface charge

trapping site completely. But the charge transfer gate (CTD) in pixel

is also the surface channel type with the surface trap noise problem.
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So the buried channel type BCCD/MOS transfer gate (CTD) was

tried. But it did not work at the initial attempts.
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Following observation was responsible, the empty potential well Vm2 of

the buried channel under the charge transfer gate (CTG) is pinned and

grounded when the CTG voltage becomes a large negative value.

Vm2

Pinned
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The semiconductor surface under the charge transfer gate (CTG) is

inverted into the hole accumulation state and pinned to the ground

potential by the accumulated hole majority carriers which were moved

in from the adjacent heavily doped and grounded P+ channel stops.
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The pinned potential Vm2 of the buried empty channel potential well

under the charge transfer gate (CTG) will be always deeper than the

pinned empty potential well Vm1 of the P+N1+P1P+ double junction

type Pinned Photodiode.



Artificial Intelligent Image Sensor

7 In Pixel Correlation Double Sampling (CDS) circuit

Yoshiaki Hagiwara

The charge transfer gate (CTG) cannot be kept closed during the photo

charge integration time. The P+N1+P1P+ double junction type Pinned

Photodiode does not serve as the photo charge storage in this case.
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The governing equations to obtain the pinned minimum potential

well Vm1 and Vm2 are identical since the surface potential Vs is

pinned and grounded in both cases . We have Vs = Vs1 = Vs2 = 0 v.

Governing equations to obtain the pinned minimum well potential Vm.

Vm =
2ε Si

Nd ( Xd Xm )
2

+ 
2 εSi

NA Xp
2

EG +  kT ln ( )   { } 
NA

NA
+  

Vm =
2 εSi

Nd Xm
= NA XpNd ( Xd Xm ) Vs = Vpin = 0

2
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Deleting the parameter of the depletion width Xp extended into the P

silicon substrate, we obtain the following relationships between the

pinned and buried minimum empty potential Vm and its depth Xm only.

Governing equations to obtain the pinned minimum well potential Vm.

Vm =
2ε Si

Nd ( Xd Xm )
2

EG +  kT ln ( )   
NA

NA
+  

Vm =
2 εSi

Nd Xm
Vs = Vpin = 0

2

{ } {   +   } 1
NA

Nd

= NA XpNd ( Xd Xm )
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We first obtain the equation for the depth Xm of the minimum empty

potential well in the buried N charge storage region under the silicon

surface. The offset constant voltage of the silicon energy gap EG and

the barrier potential kT ln (NA+/NA) created the surface P+P

Gaussian doping profile is denoted here as Voffset.

Governing equations to obtain the pinned minimum well potential Vm.

Vm =
2 εSi

Nd Xm
2

=
2ε Si

Nd ( Xd Xm )
2

{   +   } 1
NA

Nd
Voffset

Vs = Vpin = 0 EG +  kT ln ( )   
NA

NA
+  

=Voffset Qd= Nd Xd
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Further, introducing the salient physical parameter VQD we obtain

the following relationships for the depth Xm of the pinned and

buried minimum empty potential well.

Governing equations to obtain the pinned minimum well potential Vm.

Xm 2

{  } = 

Vs = Vpin = 0

Xd {    } 1 + 
Nd

{     } 1
Xm

Xd

2
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Then, solving the equation for the depth of the minimum empty potential

well Xm under the silicon surface, we finally obtain the following result.
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If we have Na<<Nd, we have Na/Nd goes to zero as Nd increases.And

also Voffset / VQD also goes to zero. Hence Xm / Xd goes to 1 as expected.
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Since the potential Vm of the pinned buried minimum empty well is expressed

in terms of its depth Xm as shown below, we have the value of Vm goes to VQD.
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If we have Na<<Nd, as Nd increases, we have Na / Nd goes to zero and

also Voffset / VQD also goes to zero. Hence Xm / Xd goes to 1 as expected.
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It is easily misunderstood that the doping level Nd of the buried N region must

be low enough in order to be completely depleted and at the same time to keep

the buried pinned empty minimum potential Vm at a practical and low value.
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But the truth is not so. Note that the doping level Nd of the buried

charge storage region does not have to be low if we have the Qd and Xd

product kept small enough.
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We may have a very heavily doped +Nd with a large value of Qd of the

buried charge storage region but with a narrow width Xd. In this way, we

still can keep the value of VQD unchanged and have a rasonable value.
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Qd1 = N1 Xd1   < Qd2 = N2 Xd2 

Vm1< Vm2

The total dose Qd1 of the P+N1P1P+ junction Pinned Photodiode

has a lower value than the total dose Qd2 of the buried CCD/MOS

N2P2P+ junction channel. That is, QD1 < QD2 and Vm1 < Vm2.



Artificial Intelligent Image Sensor

7 In Pixel Correlation Double Sampling (CDS) circuit

Yoshiaki Hagiwara

Qd1 = N1 Xd1   < Qd2 = N2 Xd2 

The channel potential Vm2 is deeper than the empty potential well Vm1.

And this is why the buried channel charge transfer gate cannot be closed

completely to store the photo charge in the Pinned Buried Empty

Potential Well Vm1 properly during the photo charge integration time.

Vm1< Vm2
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Qd1 = N1 Xd1   > Qd2 = N2 Xd2 

However, the proper photo charge integration time can be achieved by

implanting the extra dosage Qd1 > Qd2 by the self aligned ion implantation

masked by the charge transfer gate (CTG). Then we have Vm1 < Vm2.

The signal charge is then protected from surface trapping sites completely.

Vm1 < Vm2
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The P+NP double junction type Pinned Buried Photodiode proposed in 1975

by Hagiwara actually has the P+P surface Gaussian doping profile. It was

a natural result of the regular surface ion implantation techniques.

SiO2 P+ P N+ P P+

x

D(   )

e-

e-

e-

e-
e-

x
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On the other hand, the pinned buried N+ region was implanted with the

peak doping position located in the deep semiconductor substrate, away

from the surface 1/f trapping sites to protect the signal charge.

SiO2 P+ P N+ P P+

x

D(   )

e-

e-

e-

e-
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x
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The width Xd was designed to be narrow while the peak dose level Nd of the

buried charge storage region has a freedom to be heavily doped while

keeping the total dose Qd = Xd Nd to be a constant value.

SiO2 P+ P N+ P P+
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The pinned buried N storage region is placed quite far away from the

silicon surface protecting the photo charge from being trapped in the

surface trap centers which is the cause of the undesired 1/f noise.
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The P+P surface Gaussian doping variation creates the surface barrier

potential (kT) ln ( P+ / P ) which enhances the photo electron hole pair

generation at the semiconductor surface.

SiO2 P+ P N+ P P+
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Besides the CDS circuit  approach, the buried channel process 

design effort and the Pinned Buried Photodiode device design 

effort are also diligent noise reduction efforts performed for many 
years to realize the high performance solid state image sensors. 

. 
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Besides the CDS circuit  approach, the buried channel process 

design effort and the Pinned Buried Photodiode device design 

effort are also diligent noise reduction efforts performed for many 
years to realize the high performance solid state image sensors. 

. 



An example of the Pinned Photodiode with VOD function 



An example of the Pinned Photodiode with a VOD function 



An example of the P+NP Pinned Photodiode with the top VOD metal wire

without the P+ heavily doped channel stops region in pixel area
which is a source of the undesired dark current. 



For  many years of diligent charge loss and noise reduction efforts 



The Virtual Charge Transfer Operation using  the P+NPN double junction Pinned Buried Photodiode 
invented by Yoshiaki Hagiwara in 1975. See JPA 1975-127646, JPA 1975-127647 and JPA 1975-134985   

t = T1
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The Virtual Charge Transfer Operation using  the P+NPN double junction Pinned Buried Photodiode 
invented by Yoshiaki Hagiwara in 1975. See JPA 1975-127646, JPA 1975-127647 and JPA 1975-134985   
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The Virtual Charge Transfer Operation using  the P+NPN double junction Pinned Buried Photodiode 
invented by Yoshiaki Hagiwara in 1975. See JPA 1975-127646, JPA 1975-127647 and JPA 1975-134985   
The Virtual Charge Transfer Operation using  the P+NPN double junction Pinned Buried Photodiode 

invented by Yoshiaki Hagiwara in 1975. See JPA 1975-127646, JPA 1975-127647 and JPA 1975-134985   

t = T8 =T1











Pinned Photodiode reported at SSDM 1978
59
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For many years of diligent noise reduction efforts including the CDS circuit

design, the buried channel process design and the Pinned Buried

Photodiode device design powered by the advanced CMOS process scaling

technology made possible to realize high performance CMOS image sensors.

M .H. White, D. R. Lanpe, F. C. Blaha and I. A . Mack, 
"Characterization of surface Channel CCD Image Arrays at Low Light Level",
IEEE Journal of Solid State Circuits, SC-9, pp.1-13 (1974)


