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In this paper, light intensity and charge holding time 

dependence of pinned photodiode (PPD) full well capacity 

(FWC) are studied for our pixel structure with a buried 

overflow path under the transfer gate. The formula for the 

PDFWC derived from a simple analytical model has been 

successfully validated by the technology computer-aided 

design (TCAD) device simulation and actual device 

measurement. 

I. INTRODUCTION 
High dynamic range (HDR) is one of the most important 

characteristics of recent CMOS image sensors. To achieve 

over 100dB DR, a lateral overflow integration capacitor 

(LOFIC) scheme[1-2] and a triple quantization digital pixel 

sensor[3-4] have been developed. 

In these sensors, one of the factors to define the 

performance at the mode transition points, such as signal-to-

noise ratio and linearity, is PDFWC[1]. 

During the course of our HDR sensor development, we 

have found that the PDFWC increases as the incident light 

intensity increases, as shown in Fig. 1 (a). Also, we have 

known that PDFWC decreases as the time interval between 

the exposure end of pulsed light and the signal readout, 

which is referred to as the charge holding time, increases, as 

shown in Fig. 1 (b). Pulse timing diagrams to obtain the 

results shown in Fig. 1 (a) and (b) are shown in Fig. 2. 

Though analytical models for such dynamic behaviors of 

the PDFWC have been proposed in the literatures [5-11], 

minor modifications are needed for our pixel[3-4], because 

of its unique structure with the buried overflow path under 

the transfer gate. In this paper, we attempt to understand both 

the light intensity dependence and the charge holding time 

dependence of our PPD pixel by simple analytical modeling, 

TCAD simulations, and measurements. 

 

II. ANALYTICAL MODEL 
Contrary to the conventional PPD pixel structure, a buried 

overflow path has been implemented in our device [3-4]. Its 

cross-sectional structure and a potential diagram along the z-

z' line are shown in Fig. 3. In this structure, the previously 

reported PDFWC models[5-11] are not applied as they are. 

The simple model for theoretical analysis is shown in Fig. 4, 

where three components, the photo-generated current Iph, the 

intrinsic diode current IPPD, and the overflow current Iof, are 

considered[6]. 

Models which present the basic concept of our analysis are 

shown in Figs. 5 and 6. Fig. 5 shows potential changes from 

the PD reset to high illuminance PD saturation with static 

light, and Fig. 6 shows potential changes from high 

illuminance PD saturation to the equilibrium with long thold. 

 

a. Light Intensity Dependence 

Referring to Figs. 3 and 4, formulae for the light intensity 

dependence of PDFWC will be derived. The photo-generated 

current Iph and the intrinsic PD current IPPD are formulated, 

respectively, by 

𝐼𝑝ℎ = 𝑞 ∙ 𝑅 ∙ 𝑃 -(1) 

where q, R and P denote the unit electron charge, the 

responsivity, and the face-plate illuminance, respectively, 

and 

𝐼𝑃𝑃𝐷 = 𝐼𝑠𝑎𝑡 ∙ {𝑒
(

−𝑉𝑆
𝑉𝑇

)
− 1} -(2) 

where Isat, VS, and VT are the PN junction current at reverse 

bias condition, the PD potential, and the thermal voltage 

(=kT/q), respectively. If we assume the reverse bias 

condition with |𝑉𝑆| ≫ 𝑉𝑇, in eq. (2), IPPD is approximated by 

-Isat. Then, the overflow current Iof is formulated by 

𝐼𝑜𝑓 = 𝐼0 ∙ 𝑒
(

−∆𝑉𝑏
𝑛∙𝑉𝑇

)
 -(3) 

where ΔVb , I0, and n denote the barrier height between the 

PD and the overflow path (i.e., 𝑉𝑆 − 𝑉𝑜𝑓 ), the overflow 

current that would flow at ∆𝑉𝑏 = 0 , and the non-ideality 

factor, respectively. Under the PD saturation conditions, the 

input and the output currents should be balanced. Therefore, 

the following relationship holds. 

𝐼𝑝ℎ = 𝐼𝑜𝑓 + 𝐼𝑃𝑃𝐷 -(4) 

From eq. (1)-(4), the minimum PD potential under PD 

saturation is given by 

𝑉𝑆_𝑚𝑖𝑛 = 𝑉𝑜𝑓 − 𝑛 ∙ 𝑉𝑇 ∙ 𝑙𝑛 (
𝐼𝑠𝑎𝑡

𝐼0
+

𝑞𝑅

𝐼0
𝑃) -(5) 

Eq. (5) shows that VS_min decreases to flow larger Iof when Iph 

increases. 

On the other hand, PDFWC is expressed as 



𝑁𝐹𝑊𝐶 =
𝐶𝑃𝐷

𝑞
(𝑉𝑝𝑖𝑛 − 𝑉𝑆_𝑚𝑖𝑛) -(6) 

From eq. (5) and (6), PDFWC is given by 

𝑁𝐹𝑊𝐶 =
𝐶𝑃𝐷

𝑞
{𝑉𝑝𝑖𝑛 − 𝑉𝑜𝑓 + 𝑛 ∙ 𝑉𝑇 ∙ 𝑙𝑛 (

𝐼𝑠𝑎𝑡

𝐼0
+

𝑞𝑅

𝐼0
𝑃)} -(7) 

Therefore, PDFWC is a function of face-plate illuminance P, 

and it increases logarithmically with the face-plate 

illuminance. The equilibrium PDFWC[6-8], NFWC_eq, for our 

pixel structure is obtained from eq. (7) with P=0. 

𝑁𝐹𝑊𝐶_𝑒𝑞 =
𝐶𝑃𝐷

𝑞
{𝑉𝑝𝑖𝑛 − 𝑉𝑜𝑓 + 𝑛 ∙ 𝑉𝑇 ∙ 𝑙𝑛 (

𝐼𝑠𝑎𝑡

𝐼0
)}  -(8) 

The equilibrium PDFWC is PDFWC with the equilibrium 

condition between the n-layer and the Vof barrier of PD. 

 

b. Holding Time Dependence 
As shown in Fig. 2(b), 𝐼𝑝ℎ = 0  during thold. The PD 

potential change during thold is formulated by 

𝑑𝑉𝑆

𝑑𝑡
=

𝐼𝑜𝑢𝑡

𝐶𝑃𝐷
−

𝐼𝑖𝑛

𝐶𝑃𝐷
=

(𝐼𝑜𝑓+𝐼𝑃𝑃𝐷)

𝐶𝑃𝐷
−

𝐼𝑝ℎ

𝐶𝑃𝐷
=

𝐼0∙𝑒
(

−∆𝑉𝑏
𝑛∙𝑉𝑇

)
−𝐼𝑠𝑎𝑡

𝐶𝑃𝐷
 -(9) 

Solving eq. (9) yields the PD potential as 

𝑉𝑆 = 𝑉𝑜𝑓 + 𝑛 ∙ 𝑉𝑇 ∙ ln {𝑒
(−

𝐼𝑠𝑎𝑡
𝐶𝑃𝐷∙𝑛∙𝑉𝑇

𝑡+𝐴)
+

𝐼0

𝐼𝑠𝑎𝑡
} -(10) 

where A is a constant. With eq. (6), PDFWC is obtained as 

𝑁𝑃𝐷 =
𝐶𝑃𝐷

𝑞
[𝑉𝑝𝑖𝑛 − 𝑉𝑜𝑓 − 𝑛 ∙ 𝑉𝑇 ∙ ln {𝑒

(−
𝐼𝑠𝑎𝑡

𝐶𝑃𝐷∙𝑛∙𝑉𝑇
𝑡+𝐴)

+
𝐼0

𝐼𝑠𝑎𝑡
}]

 -(11) 

Therefore, PDFWC is a function of the charge holding time 

t(=thold), which demonstrates PDFWC has charge holding 

time dependence. When t is very long, eq. (10) becomes 

𝑉𝑆 = 𝑉𝑆_𝑙𝑜𝑛𝑔 = 𝑉𝑜𝑓 − 𝑛 ∙ 𝑉𝑇 ∙ ln (
𝐼𝑠𝑎𝑡

𝐼0
) -(12) 

From eq. (6) and (12), 

𝑁𝑃𝐷_𝑙𝑜𝑛𝑔 =
𝐶𝑃𝐷

𝑞
{𝑉𝑝𝑖𝑛 − 𝑉𝑜𝑓 + 𝑛 ∙ 𝑉𝑇 ∙ ln (

𝐼𝑠𝑎𝑡

𝐼0
)} -(13) 

Eq. (13) is identical to eq. (8), which demonstrates the 

PDFWC after long thold (NPD_long) also reaches NFWC_eq. The 

potential changes during this process are shown in Fig. 6.  

During the charge holding period, Iof draws the charges from 

PD to FD and finally Iof becomes equal to Isat, reaching the 

equilibrium condition. 

 

III. EXPERIMENTAL VALIDATION 
The simulation set-up, simulated 𝐼𝑜𝑓 − ∆𝑉𝑏  curves, and 

potential along the x–x’ line as a function of the PD potential 

VS, are shown in Fig. 7 (a), (b), and (c), respectively. In this 

simulation, electrons are injected into PD from the inserted 

PD electrode. With these 𝐼𝑜𝑓 − ∆𝑉𝑏 curves, the relation 

between ΔVb and Iof was confirmed. 

Fig. 8(a) shows another simulation set-up for light intensity 

dependence (Fig. 9) and charge holding time dependence 

(Fig. 10) of PDFWC. The PD electrons are generated by an 

external light source in this simulation. Fig. 8(b) shows the 

photo-response curve. In the PD saturation region, it is 

obvious that eq. (4) holds with 𝐼𝑜𝑓 ≫ 𝐼𝑃𝑃𝐷. 

Fig. 9 shows the light intensity dependence of PDFWC and 

PD potential. The simulation result of (a) and eq. (5) agree 

well, and the simulation result of (b) and eq. (7) reproduce 

the measurement result. 

Fig. 10 shows the thold dependence. The simulation result of 

(a) agrees well with eq. (10). Eq. (11) reproduces the 

measurement result, as shown in (b). Figs. 9(c) and 10(c) 

show potential changes from PD reset to PD saturation and 

potential changes from PD saturation to equilibrium PDFWC, 

respectively. The black and dashed gray lines show the PD 

potentials under the fully depleted condition, and low 

illuminance saturation or after a long thold, respectively. 

The potential distributions at low illuminance saturation 

and after long thold, as shown with the dashed gray lines of 

Fig. 9(c) and Fig. 10(c), are re-plotted in Fig. 11. It is 

understood that the equilibrium PDFWC condition is 

reached in both cases. 

 

IV. CONCLUSION 
In this paper, the light intensity dependence of PDFWC and 

the PD charge reduction phenomenon during the charge 

holding time have been formulated. They were verified with 

TCAD simulations and measurement results for our pixel 

with a buried overflow path. During the charge integration 

period, electrons flowing into and those flowing out from the 

PD should be balanced. Therefore, the potential barrier 

between the PD and the overflow path is a function of input 

light intensity. It decreases with the light intensity 

logarithmically, increasing the PDFWC logarithmically. For 

both cases where the signal charges remain in the PD at dark 

before they are read out, and where the light intensity is close 

to zero, PDFWC becomes identical to the equilibrium FWC. 
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 (a)Photo-conversion characteristics (b) PDFWC dependence on the thold  

 Fig. 1 Measured dynamic behaviors of PPD. Fig. 2 Pulse timing for evaluation. 

    

Fig. 3 PD cross-section and potential of the buried overflow path. Fig. 4 Simple model for theoretical analysis.  

 

Fig. 5 A simple model of potential changes from PD reset to PD saturation. 

 

Fig. 6 A simple model of potential changes from PD saturation to equilibrium PDFWC. 
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 (a) TCAD simulation set-up of 𝐼𝑜𝑓 − ∆𝑉𝑏 (b) 𝐼𝑜𝑓 − ∆𝑉𝑏 curve result (c) Potential of each VS voltage 

Fig. 7 Relation between ΔVb and Iof with TCAD simulation. 

   

 (a) TCAD simulation set-up (b)Photo-response curve with TCAD simulation

Fig. 8 TCAD simulation and evaluation set-up for light intensity (Fig. 9) and charge holding time (Fig. 10) dependence. 

  

 (a) PD potential (b) PDFWC (c) Potential of saturation with low and high P 

Fig. 9 PDFWC with various light intensity conditions. 

 
 (a) PD potential (b) PD electrons (c) Potential with several thold 

Fig. 10 PDFWC with long charge holding time.

 

Fig. 11 Equilibrium PDFWC potential with TCAD 
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