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This is the outline of my talk. 

 

Image Sensors in general have the three most important features.  

They are , First, Super Light Sensitivity Feature,  

Secondly, Low Surface Dark Current Feature  

and Thirdly No Image Lag Feature.  

 

But we must not forget the most important basic feature of the common PN 

junction photodiode, which is the Low Leakage Current Feature.  

 

The PN junction leakage is dependent on the minority carrier density  

of the semiconductor material itself.  

 

Related various historical photodiode structures will be reviewed,  

including the gold metal and Ga2O3 type metal semiconductor Schottky Barrier 

photo sensor in search for the low leakage and dark current device.  
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We all know that  

the super light sensitivity is  

the most important feature of the image sensors.  
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An image sensor in general  

is composed of the super light sensitive photo detector  

and the charge transfer device (CTD).  

  

The CTD transports the signal charge to the outside processing units.  

CCD type charge transfer devices have a very low charge transfer noise  

and contributed very much to increase the S/N ratio of image sensors, 

but now replaced and disappeared  

from the image sensor markets  

by more powerful CMOS type charge transfer devices  

with active in pixel amplifier circuits.  

 

However the super light sensitive photodetector,  

which is now called as Pinned Photodiode  

or Hole Accumulation Diode ( HAD in short ) remains  

the same since its invention in 1975 by Hagiwara at Sony. 
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The figure 1 shows Light Penetration Depth (LPD) in Silicon Crystal.  

 

As you can see,  

 

the short wave blue light cannot penetrate  

more than 0.1 micro meter into the silicon crystal.  

 

To achieve the super light sensitive image sensor  

we must convert the short wave light energy  

into the electrical energy. 
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The figure 2 shows various types of photo sensor structures.   

 

The type A device, which is the  N+P+ junction Esaki diode is not a good photodiode 

because it has a very narrow depletion width  

and a very large electric field at the P+N+ junction inside the depletion region 

causing the large leakage current problems in reverse operation mode.  

 

The type B device of the N+P junction type classical photodiode, which is 

widely used in classical MOS image sensors and early interline CCD image sensors  

is known to have the serious image lag problems.  

 

The type E device which is a MOS capacitor type photo sensor  

has CCD like complete charge transfer operation mode with no image lag problems. 

However, it has the metal electrode which reflects light like a mirror  

and also absorbs the short wave length blue light, converting the illuminated light energy into heat.  

 

Moreover the MOS capacitor has inherently the strong surface electric field  

that creates the serious surface dark current.  

 

The type D photodiode, which is, the P+PN+P junction Pinned Photodiode  

can have the excellent blue light sensitivity near the silicon surface of 0. 2 micro meter in depth, 

which is the main topics of this paper.. 
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The image lag problem of the type B device, 

which is, the N+P junction photodiode is 

inherently caused by the floating potential level of 

the N+ diffusion photo electron storage region. 

 

The floating N+ diffusion storage region is  

set nearly equal to the channel potential level  

under the adjacent charge transfer gate, 

by the gate oxide capacitance coupling. 

 

The channel potential level under the charge transfer gate is 

in the weak inversion state of high resistivity  

for the short reset time causing the incomplete charge transfer.  
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The type C photodiode  

 

which is the PNP junction type Buried Photodiode  

 

may not be completely depleted of  

 

the photo electrons in the N region,  

 

causing the image lag problem, 

 

unless the surface p region is  

 

pinned or fixed at a constant potential value 

 

by the adjacent channel stops  

 

or the adjacent metal external contact. 
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The Buried Depletion Photodiode shown in this figure,  

 

also with the floating surface P+ layer with the surface electric field, 

 

causes the same image lag problems with the similar reason  

 

why the classical N+P junction type photodiode  

 

inherently had the image lag problem. 
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This slide shows the P+NP junction type Pinned Photodiode  

 

with no image lag, with low surface dark current and  

 

with the excellent short wave blue light sensitivity, 

 

as originally proposed in Hagiwara 1975 inventions. 
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This slide shows the conventional P+NPNjunction type, 

 

The triple junction type dynamic photo thyristor type Pinned Photodiode 

  

with the vertical overflow drain VOD function,  

 

which is also called as Sony Hole Accumulation Diode,  

  

which is also Hagiwara 1975 invention. 

 

See also the Japanese Patent Application JPA1977-128885.  

 

(Now finally disclosed now in the English Speaking Community. Sorry too late.. )  
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Hagiwara at Sony Proposed in 1975  

 

the PNPN triple junction type Pinned Photodiode 

  

with the vertical overflow drain (VOD) function  

 

which is later called Hole Accumulation Diode ( SONY HAD ). 

 

In Hagiwara in his 1975 three patent applications, Hagiwara described the four 

basic and important features of the triple junction type Pinned Photodiode. 

 

They are (1) very excellent short wave blue light sensitivity (2) in-pixel vertical 

overflow drain function (3) the completely mechanical-part-free electrical shutter 

function because of the no image lag feature of the empty potential well of the 

complete charge transfer operation (4) the pinned P+ surface hole accumulation 

layer with no surface dark current noise and (5) the Global Shutter Function 

Capability with the Buffer MOS capacitor memory. 

 

 

Toshiba proposed the 1978 VOD Photodiode and NEC proposed 1980 Buried 

Depletion Photodiode. But they were proposed after Hagiwara 1975 inventions. 

 



Slide 13 

 

 

This slide shows that the buried depletion photodiode is  

not by necessity a pinned photodiode.  

 

As you can see the surface P+ layer may not be pinned  

unless the surface P+ layer is directly connected to  

the adjacent P+ channel stops. 

 

Otherwise, the surface potential can be floating,  

causing the serious image lag problem. 

 

The surface P+ layer must be directly connected to  

the adjacent P+ channel stops. 
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This slide shows that the buried depletion pinned photodiode, 

 

used in the 1978 Frame Transfer CCD image sensor  

 

reported by Hagiwara in 1978  in his SSDM1978 paper. 

  

The surface P+ potential is pinned to the ground potential  

 

and also the empty potential well under the pinned surface P+ layer  

 

is also pinned with no image lag problem. 
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The figure 3 shows important features of 

 

the PNP junction type Pinned Photodiode  

 

developed by Hagiwara in 1978 .  

 

The surface P layer must be exposed to the silicon oxide,  

 

and must be pinned always to the substrate potential  

 

by the adjacent channel stops.  
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The surface P layer was formed by heavily doped ion implantation  

 

of 2 times 10 to the 13 th power boron ions per cm square,  

 

so that this surface P layer would be pinned always and 

 

never be depleted of  

 

the surface majority carrier hole accumulation layer.  
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The static operation of the double junction type, the PNP photodiode, 

was invented by Shive in 1950 which is a static PNP phototransistor. 

 

Hagiwara proposed in 1975 a dynamic PNP phototransistor,  

which is the origin of Pinned photodiode  

and which is also called as Hole Accumulation Diode (HAD).  

 

It is well known that this heavily doped surface ion implantation  

creates the typical Gaussian P+P doping profile 

with the peak dose density at the surface  

and gradually deceasing to the substrate uniform impurity doping level. 
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The N+NP+PNN+ junction type Drift Field Transistor is  

 

also known to have the P+P doping slope in the base region  

 

which generates the drift electric field, 

 

which helps the base-injected minority carriers  

 

move out quickly from the base region, 

 

enhances the high frequency characteristics  

 

of bipolar transistors. 

 

Hagiwara in 1975 proposed this physical effect  

 

to the P+P pinned surface hole accumulation layer 

 

to enhance the photo electron and hole pair separations  

 

to achieve the excellent short wave blue light sensitivity. 
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Hagiwara proposed the N+NP+N junction type Pinned Photodiode in 1975.  

 

The surface N+N doping slope profile is similar to the minority carrier electrons  

injected from the emitter terminal in the high frequency N+NP+PNN+ bipolar 

transistor, and drifting quickly , in Hagiwara 1975 invention, into the majority 

carrier hole-rich buried charge collecting and storage P+ region  

the N+NP+N junction type Pinned Photodiode  

which was proposed by Hagiwara in 1975. 

 

If the base region width is narrow enough, one or two electrons may recombine 

with the holes in the base, but the most of the electrons can reach  

the collector terminal of the strongly reverse-biased depletion region.  

 

The buried N type region of Pinned Photodiode acts  

as if the collector region of the NPN bipolar transistor does.  

 

This photo electron generation separation physical mechanism  

is unique and quite different from the ordinary electron hole pair separation  

in the normal PN junction depletion region 

 

The same surface P+P or N+N doping slope was utilized in the original 1975 

pinned photodiode to realize the excellent short wave blue light sensitivity. 
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The figure 4 shows the Exact numerical calculations of  

Gaussian P+P doping profile D(x),  

the hole carrier density P(x) and  

the built-in barrier potential V(x).   

 

The typical Gaussian P+P doping profile  

with the peak dose density at the surface  

and gradually deceasing to  

the uniformly doped substrate impurity density  

is analyzed by exact numerical calculation.  

 

The difference of the hole carrier density P(x)  

and the Gaussian P+P doping profile D(x)  

creates the space charge polarization,  

which in return creates the surface barrier electric field,  

which enhances the electron hole separation at the surface  

to achieve the very high quantum efficiency  

at the short wave blue light spectrum. 
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The low surface dark current is  

also a very important feature  

of image sensors.  
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The Figure 5 shows our proposed P+PN+P junction type Buried Depletion Pinned Photodiode. 

Normally the photo electron and hole pair generation and separation is performed in the electric 

field inside the depletion region of the PN junction or under the CCD/MOS capacitor.  

 

But the photo electron and hole pair generation and separation of  

this P+PN+P junction Pinned Photodiode is different and quite unique.  

 

The surface P+P impurity doping slope induces the built-in barrier potential  

and results in the built-in barrier electric field, enhancing the photo electron pair separation  

at the very near surface region of the silicon crystal to give the excellent blue light sensitivity.  

 

This photo electron hole separation mechanism is unique, quite different from the usual photo 

electron hole pair separations in the normal PN junction depletion regions. 

 

Simulation and the electrostatic analysis is based on the fact that the maximum depth for the 

blue light penetration into the silicon crystal is only 0. 2 micro meter in depth which is very 

close to the silicon crystal surface where we cannot have a shallow PN junction depletion region 

with the strong surface electric field causing the undesired surface dark current. 

 

The life time of the photo generated minority carrier can be measured using the 

photoconduction effect and the diffusion length can be determined, which is needed for electrons 

to survive in the majority carrier hole-rich P substrate area. Most of the photo electrons are 

expected to reach the buried N charge collecting region.  
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No image lag is also a very important feature of image sensors.  
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The pinned photodiode originally invented in 1975 by Hagiwara  

have three important features.  

 

 

They are,   

 

Firstly,  the excellent blue light sensitivity, 

 

Secondly, the low surface dark current by the Pinned surface potential, 

 

And thirdly the image lag free feature.  

 

The empty potential wells  

 

with the completely majority carrier depleted depletion region, 

 

shown in these fugues are 

  

the evidence that the Pinned Photodiode free of the image lag problem  

 

was originally invented by Hagiwara at Sony in 1975.  
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Figure 6 shows the Cross sectional views of  

the type C  of the  P+NP junction Pinned Photodiode sensor  

and Type E of the MOS capacitor photo sensor in comparison.  

 

Both structures do not have the image lag problems.  

 

However, the Type C  of the P+NP junction Pinned Photodiode sensor has,  

in this example, the external metal contact pin as an option  

to achieve the vertical overflow drain, that is, the VOD function.  

 

But it is very clear that the surface P layer can be connected  

to the adjacent P+ channel stops instead, 

if the VOD function was not necessary.  

 

In search for the low leakage and low dark current device,  

related various historical silicon related photodiode structures  

now have been reviewed. 
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In search for the low leakage and low dark current device, 

  

the Ga2O3 type semiconductor is  

 

intensively being studied recently.  
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The Cross sectional view the type F device  

 

of the Schottky barrier photo sensor  

 

is also shown in the figure 6.  

 

The PN junction leakage is dependent on  

 

the minority carrier density of 

 

the semiconductor material itself.  

  



 

 

Slide 28      

 

The following slides show the early works 

  

on the Ga2O3 Schottky Barrier  

 

on Wide Bandgap Gallium Oxide 

  

for the future low leakage image sensor applications.  

 

This Figure 7 shows  

the gold metal and Gallium Oxide Schottky Barrier Band Diagram 

  

with the wide energy gap of 4.9 eV,  

 

expecting a very low minority carrier density 

 

and a very low leakage current device. 
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Figure 8 shows the typical Photo Response curve of  

 

Ga2O3-gold metal Schottky Barrier.  

 

The square root of the photocurrent normalized to  

 

the incident photon flux  

 

when plotted as a function of the photon energy 

  

results in a straight line for photon energy. 

 

The intercept for zero response of  

 

the extrapolated straight line  

 

yields a barrier height of 1.68 eV. 
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Figure 9 shows  

 

the typical CV measurement of  

 

Ga2O3-Gold Metal Schottky Barrier  

 

with a typical plot of  

 

one over C squared as a function of the reverse voltage.  

 

The concentration was found to be  

 

4.1  times  10 to the 7 th power per cubic cm from the slope. 
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Figure 10 shows  

 

the typical IV measurement of  

 

Ga2O3-Gold Metal Schottky Barrier. 

  

The forward current characteristics  

 

are displayed at room temperature.  

 

The slope gives q/nkT,  

 

where n is the diode non-ideality factor,  

 

was found to be 1.14   

 

which is close to the value of  1.08  

 

obtained by the capacitance-voltage method. 
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were based on the single junction type floating N+P photodiode with the serious 

image lag problem or the CCD/MOS photo capacitor type with the very poor short 

wave blue light sensitivity and the large surface dark current noise.  
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Hagiwara proposed and invented in 1975 the double and triple junction type photo 

sensor as shown below with very excellent features including (1) an excellent 

short wave blue light sensitivity, (2) the very low surface dark current noise, (3) 

no serious image lag problem of the complete charge transfer capability shown by 

the empty potential well curve of the buried photo charge collecting storage region, 

(4) the triple junction photo thyristor with the punch-thru function that can be 

used for the VOD and the electrical shutter function and also (5) the in-pixel MOS 

capacitor buffer memory for the Global Shutter function needed in modern CMOS 

image sensors. Hagiwara also proposed in 1975  (6) Back light illumination type 

Pinned Photodiode as evidenced in the Japanese Patent Application 1975-127646. 
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The author expresses sincere gratitude to Prof. C.A. Mead and Prof. T.C. McGill, 

for advising my original 1971 work at Caltech on the Ga2O3 – Au Schottky 

Barrier interface study and characterization, and also for guiding my original 

1974 PhD thesis work. on the Charge Transfer Analysis of Buried Channel CCD 

Image sensors, Thank you very much.   

                                      Yoshiaki Hagiwara    March 16 , 2020 

          





 



  

            Sony 



Sony Image Sensors do not use the LOCOS process of serious oxidation-stress induced defects and the 

possible isolation of the surface P+ hole accumulation layer from the the channel stops under the LOCOS. 

 

 



Photodiode with Serious Image Lag is NOT a Pinned Photodiode by definition ??? 

 

 

In the SSDM1978 paper, Yoshiaki Hagiwara at SONY reported the P+NP double junction 

dynamic photo transistor used in a Frame Transfer CCD image sensor. Hagiwara is the true 

inventor and also the pioneering developer of the P+NP double junction dynamic photo 

transistor, which was called differently by NEC1982, KODAK1984 and SONY1987. The 

problem is that, NEC, KODAK and even Sony1987 HAD product announcement did not quote 

Hagiwara’s original 1975 inventions and Hagiwara SSDM1987 important works, which 

reported the P+NP double junction dynamic photo transistor, originally invented by Hagiwara 

in 1975. Evidence is shown in Hagiwara’s Japanese Patent Applications, JPA1975-127646, 

1975-127646 and 1975-1234985. Examine these important evidence. Then, you will see that 

Yoshiaki Hagiwara, at Sony in 1975, is the true inventor of the Buried Photodiode reported in 

the NEC IEDM 1982 paper, the Pinned Photodiode reported in the KODAK IEDM1984 paper, 

and the Sony 1987 Hole Accumulation Diode (HAD). They are all the same thing that Hagiwara 

invented in 1975. Before Hagiwara 1975 inventions, all image sensors were based on the 

floating N+P single junction type photodiode with the serious image lag or the CCD/MOS type 

photo capacitor with the serious surface dark current and the very poor blue light sensitivity.   



 

 

In Memory of Prof._T_C_McGill_and Prof. James_McCaldin at Caltech in,1998 

 

 


