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Abstract—Dark current limits the optical performance of 

CMOS image sensors. The main sources of the dark current in a 

modern submicron process are the defects induced by the shallow 

trench isolation fabrication process steps. In this paper, we 

present a pixel layout technique to reduce the impact of these 

defects by removing the trench-oxide between the two adjacent 

edges of neighbouring photodiodes. This isolation scheme relies 

on the p-well layer only and provides the further advantage of 

requiring less area. Hence, a larger photodiode can be designed, 

leading to an increased pixel fill factor. Experimental results 

show that this approach reduces the dark current by 21% and 

increases the linear full well capacity by approximately 9%. 

 
Index Terms—CMOS Image Sensors, Pixels, Dark Current, 

STI, Full Well, Layout. 

I. INTRODUCTION 

MOS image sensor (CIS) is one of the fastest growing 

sectors for consumer electronics [1]. The increasing need 

for improved performance is calling for continuous device 

optimisation [2][3][4][5] aimed at counteracting the effects of 

the parasitic phenomena. The dark current (DC), for instance, 

is one of the principal causes of image quality degradation at 

low light due to thermally-generated leakage currents in the 

photodiode (PD) [6][7][8][9][10][11].  

From a manufacturing process point of view, there are 

several effective ways to reduce the DC [9].  As regards the 

DC originating at the silicon surface, it can be reduced by 

hydrogen annealing [12], fluorine passivation [13], multi-

pinning layers [14] and double buried charge channels [15]. 

On the other hand, the DC induced by the lateral isolation can 

be reduced by a variety of barriers between the active area and 

the isolation scheme [7][8][16]. 
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The aforementioned optimisation approaches are generally 

very costly and often are not available to most designers, since 

they involve modifications of the fabrication process. This has 

led to many studies to reduce the DC that can be applied at the 

design/layout level without changing the operation scheme of 

the pixel [17][18][19][20]. These approaches usually aim to 

avoid the interaction of the Shallow-Trench-Isolation (STI) 

with the PD, thereby reducing the defects induced leakage 

current. Guard rings made of polysilicon or p-well have been 

suggested to suppress the formation of the STI layer around 

the PD [21][22].  Techniques like ring-gate shared pixel 

design enclosed by p-type layers, have also been proposed 

[10]. Choi et al. have suggested a hybrid STI/p-well isolation 

scheme to achieve low leakage [23], which was benchmarked 

against the STI and the pure p-well isolation techniques. 

However, the pure p-well isolation was achieved with high 

spacing leading to low fill factor (FF) and the hybrid-p-well 

isolation was compared to the STI isolation by keeping a 

similar FF. In fact, most of these techniques can lead to 

reduction of the FF and, hence, of the optical performance. 

Nevertheless, they are an effective way to reduce the DC from 

a design perspective. 

In this paper, we propose a layout sharing technique for 4 

transistors (4T) CMOS pixels which optimises the isolation 

mechanism to reduce the DC. We use a hybrid scheme, where 

the pixels are folded consenting to remove the STI between 

adjacent PDs, while remaining it between the PDs and the in-

pixel-transistors. This technique has been evaluated on CIS 

test-chips manufactured in a commercially available image 

sensors process technology: the enhancement of the full-well 

capacity (FW) and the decrease of the DC for same-pitch 

pixels has been demonstrated experimentally. 

The paper is organised as follows: Section II describes the 

pixel design with focus on the isolation scheme. Section III 

provides the characterisation results based on the pixel 

parameters of the manufactured samples. Finally, in Section 

IV the conclusions of the paper are drawn. 

II. PIXEL DESIGN  

We have designed a CIS based on a 4T pixel unity cell. The 

design strategy was aimed at reducing the DC component due 

to the isolation mechanism. 

Fig.1a shows the 4T pixel schematic, including: the PD, 

which is a pinned photodiode accessed through the transfer 
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gate TX; RST is the reset transistor while SF and Row-Sel are 

the source follower and the row selector transistors, 

respectively. In the pixel array, TX, RST and Row-Sel are row 

control signals, while the supply voltage VDD and Out are 

shared among pixels in the same column. Fig.1b shows a 

possible conventional layout implementation of a 2-by-2 block 

of 4T pixels. The STI is represented by the white background 

surrounding all active areas, including the transistors and the 

PD. It is possible to rearrange this layout by placing the two 

edges of adjacent PDs to have one facing another as shown in 

Fig.2a. This configuration still uses STI to isolate the PDs and 

will be referred to as STI-pixel. In addition, this arrangement 

leads to improvement in drawing global wires (not shown) and 

can lead to enhancement of the overall FF. It is worth noting 

that this approach leads to a loss of the translational symmetry 

required for conventional microlenses. Nevertheless, one can 

use a dual microlens process with different focusing 

directions. Furthermore, the symmetry is preserved at the 

block level of 2x2 pixels without impacting Fixed-Pattern 

Noise (FPN) between color planes. The related vertical cross-

section highlighting the isolation between two neighbouring 

PDs is shown in Fig.2b. 

STI, though reliable and commonly used, is not the only 

mechanism available to provide isolation between active 

layers in a CMOS process. For example, two n-type diffusions 

can be separated by a p-type implantation as long as it does 

not lead to a forward biased diode or to a punch-through in the 

resulting n-p-n parasitic transistor. A simple p-type diffusion 

available to all designers is the p-well. As shown in Fig.2c and 

d, this consumes significantly less area than the STI on the 

silicon surface. Removing the STI in the central region 

between the active n-diffusions allows to shrink the required 

spacing between two PDs. This means that the area gained by 

using a p-well (in place of common STI/p-well) can be used to 

further enlarge the PD, thereby increasing the pixel FW. 

Previous approaches reported in literature have aimed to 

entirely remove the STI by surrounding the photodiode with a 

different layer (p-well or polysilicon guard ring) [11]. 

However, it is worth recalling that in a standard pixel, the STI 

surrounds the entire PD as it is needed for electrical isolation 

especially close to the transistors. Unfortunately, the p-well 

layer provides less isolation compared to the STI. Hence, it 

cannot be exploited to isolate the in-pixel transistors unless a 

very large distance is used, with clear reduction of the FF. 

Hence, a complete removal of the STI is likely to be 

counterproductive. 

The hybrid approach we propose is to use conventional STI 

between the PD and the transistors, while p-well only is used 

between neighbouring PDs. Fig.2c and d show this hybrid 

pixel design approach (layout top view and cross-section, 

respectively), which will be referred to as hybrid-isolation-

pixel. The STI has been removed between the diodes, with 

isolation granted by a p-well, while the STI is still used for 

separating the PDs with active transistors. Such a technique 

was expected to provide the required isolation as well as an 

increase in the FF, while reducing the DC, without impacting 

the electron collection efficiency. To test this design, several 

chips were fabricated in LFoundry 110 nm CMOS image 

sensor process technology. The pixel pitch of the 

manufactured pixels is 2.4 µm. Both types of pixels with their 

isolation mechanisms, STI and hybrid-isolation, were 

manufactured in different test circuits fabricated on the same 

wafer. 

III. PIXEL CHARACTERISATION 

The photoresponse curves of the samples manufactured 

with the two different layouts reported in Fig.3 were measured 

as follows. A constant light source with a green LED centred 

at a wavelength of 550 nm and with a power of 1.97 µW/m2 

was used for these experiments. Both the signal and the 

temporal noise were evaluated from a set of images for each 

data point on a window of 186-by-84 pixels to extract the 

photon transfer curve (PTC), which has been measured 

according to the EMVA1288 standard [24]. Fig.3 shows the 

PTC for the tested STI-pixel and the hybrid-isolation-pixel 

versions. The figure shows similar behaviour between the two 

 

Fig. 2.  Sketches of the top-view layouts and of the related cross sections of 

four 4T-pixel blocks with STI (a and b, respectively) and hybrid isolation (c 

and d, respectively).  

 

Fig. 1. (a) Schematic of a 4T Pixel and (b) layout of a typical 2-by-2 4T pixel 

block in CMOS technology. 
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pixels. At high signal levels, the hybrid layout leads to 

improved performance due to its differences in full well 

capacity, despite similar conversion factor, FPN and read 

noise between the pixels. In this study, a set of close dice 

within the same wafer was analysed to highlight layout-related 

effect on the Full Well, while minimising the impact of 

process-related variations. 

Fig.4 (a) and (b) show the measured values (averaged on the 

whole pixel array) of the linear full well (LFW) and of the full 

well saturation level, respectively. Note that the hybrid-

isolation-pixel has higher full-well capacity than its STI-pixel 

counterpart. Linear and saturation FW are approximately 480 

and 540 electrons higher in case of the hybrid-isolation-pixel.  

Table I compares the extracted linear and saturation FW of 

the presented curves to their respective fill factor, photodiode 

area and perimeter. The increase in FF is correlated to the full 

well capacity values. This is coherent with the expectation of 

an increase in the saturation value for a photodiode with a 

larger active area. Note that the increase in saturation level did 

not scale linearly with the FF. An increase of the FF of 24% 

only gives an enhancement in linear full well and saturation 

levels of 9.3% and 8.1%, respectively. One possible 

explanation for this limit could be the non-rectangular shape 

of the photodiode, which was used to maximise its area. 

The impact of STI-removal towards the dark current 

reduction was evaluated next. Similarly to the EMVA1288 

Standard [24], the DC is measured by capturing multiple (40) 

dark images with six equally-spaced increasing integration 

times. Fig.5 illustrates the typical DC distribution of the pixel 

array measured at 60 °C on one representative sample for each 

design variation. The interesting features in these histograms 

are the principal peak (i.e., the mode of the distribution) and 

the tail of the dark current profiles. The histograms are plotted 

on semilogarithmic y-axis for better appreciation of these 

features. It is evident that both peak and shoulder of the 

distribution are located at lower DC values for the hybrid 

scheme compared to the STI-pixel, while the tail is similar. 

These measurements indicate that the avoidance of STI/active-

area edges in the hybrid-isolated pixel decreases the number of 

interface defects, thereby reducing the dark current. 

It is worth noting that a photodiode area increase may 

intrinsically lead to higher dark current due to larger number 

of thermally generated charge carriers [25]. The lower dark 

current obtained for a larger fill-factor pixel further confirms 

the effectiveness of our results. Table I shows the percentage 

difference between the average dark current of the STI-pixel 

and the hybrid-isolation-pixel. The net decrease in dark 

current is 21% despite an increase in photodiode area and 

perimeter of 23% and 4.4% respectively. If the increase in 

photodiode area is taken into account (by normalisation), the 

actual estimated dark current reduction for two pixels having 

the same photodiode area would be of approximately 26%. 

In conclusion, we have demonstrated that a folded pixel 

design with the STI around the transistors and the p-well 

between the pixel active areas, significantly improves the pixel 

performance. In particular, the hybrid approach results in 

lower dark current, higher full-well capacitance, and higher 

fill factor than the STI-only approach, while preserving a good 

isolation of the transistors.  

TABLE I 

COMPARISON BETWEEN THE PROPOSED PIXEL LAYOUTS 

Parameter STI-pixel 
Hybrid-

isolation-pixel 

Improvement 

[%] 

Linear full-well [e] 5.15∙103 5.63∙103 9.3 
Saturation level [e] 6.69∙103 7.24∙103 8.1 

PD perimeter [µm] 5.63 5.88 4.4 
PD area [µm2] 1.69 2.08 23 

Fill Factor [%] 29 36 24 

Dark current [e/s] 133 105 -21 

 

 

Fig. 5.  Dark current distributions as measured on one representative 

sample for each test-array (186-by-84 pixels) of the STI-pixel and hybrid-

isolation-pixel. 

 

Fig. 3.  Measured Photon Transfer Curve for the STI-pixel and hybrid-
isolation-pixel. 

 

 

Fig. 4.  Statistical variation of the (a) linear-full-well and (b) full-well-

saturation expressed in electrons as measured from the STI-pixel and hybrid-

isolation-pixel. 
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IV. CONCLUSIONS 

In this paper, a folded pixel design which enables a hybrid 

p-well/STI isolation scheme is proposed to reduce the dark 

current while increasing the full well capacity and fill factor of 

the pixels. This layout design has been applied to 4T CMOS 

pixels, removing the STI between neighbour photodiodes and 

only remaining the p-well. The STI was maintained between 

the transistors to ensure good isolation between the devices. 

This idea has been verified by comparing the proposed 

Hybrid-isolated proposal to a reference STI layout 

implemented and manufactured in a commercial image sensor 

process. Measurements on the final test chips have shown that 

the hybrid-isolation-pixel is able to increase the linear full well 

of the photodiodes of approximately 9% while reducing the 

dark current by 21% compared to the STI-pixel. These 

remarkable performance improvements have been achieved 

just by optimising the design, without any costly process 

modification. The proposed approach can be easily applied to 

any other process technology and to other pixel architectures. 

In conclusion, this is a valuable approach demonstrating a 

simple layout rearrangement to achieve higher fill-factor, 

higher full-well capacity, and lower dark current compared to 

standard pixels. This is the recommended option to get the 

best tradeoff among low leakage and good fill factor. 
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