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Introduction

CMOS image sensors are experiencing exponential market growth penetration over CCD based sensors for large volume consumer electronic applications like mobile phone, digital still camera, webcam and camcorders [START_REF] Magnan | Detection of visible photons in CCD & CMOS: a comparative view[END_REF]. CIS are now entering in the automotive applications [START_REF] Bigas | Review of CMOS image sensors[END_REF]. The trend for higher pixel density, leads to smaller and smaller pixel size [START_REF] Chen | How small should pixel size be?[END_REF]. In order to improve pixel performances from generation to generation, some disruptive approaches have to be taken [START_REF] Lee | The features and characteristics of 5M CMOS image sensor with topologically Unique 1.7x1.7µm² pixel[END_REF], [START_REF] Yoshihira | A 1/1.8-inch 6.4Mpixel 60 frame's CMOS image sensor with Seamless mode change[END_REF]. In this paper, an innovative process development for sub-2µm CMOS imager sensors is described.

Pixel and process architecture

A. Pixel layout

A 3MP CMOS image sensor with 1.75µm pixel pitch has been implemented with 0.13µm front-end based CMOS process & 90nm copper based process for the metallization design rules. The pixel architecture is a 4T type pinned photodiode with correlated double sampling (CDS). The transistors are shared among neighboring pixels leading to a 1.75 equivalent transistors per pixel. The schematic diagram of a 4 shared pixel structure is shown in figure 1: four photodiodes share reset, source follower (SF) and readout (READ) transistors to increase the pixels' fill factor, each photodiode having its own transfer gate.

B. Back-end process

The colorization process is using the classical Bayer pattern with standard negative color resists. Zero gap micro-lenses (e.g., "Fig. 2") are made thanks to a double exposure process. The micro-lens shape was optimized thanks to 3D optical simulations [START_REF] Vaillant | Optical simulation for CMOS imager micro lens optimization[END_REF] (e.g. "Fig. 3"): the final gain of the microlenses is around 2 for the green pixel. During the second micro-lens formation, a cleaning step is done in-situ in order to remove the color filter and micro-lens resist residues from the pad. For a better optical focus of the micro-lens (i.e., to reduce the optical crosstalk), the dielectric stack over the photodiode has been reduced as much as possible. Optical simulations were performed in order to optimize the angular response. The simulated structure is illustrated on the figure 4, and the comparison between simulation and measurement is shown on figure 5. The back-end process includes 3 metal levels but only 2 for routing inside the pixel. We have taken benefit of that to etch a cavity above the pixel array: 7600A of oxide have been etched on 10mm 2 leaving only 2500A above the metal 2 (e.g. "Fig. 6" & "Fig. 7"). Moreover all the IMD thicknesses and the metal thicknesses have been shrunk as much as possible taking into account electromigration constraints [START_REF] Adkisson | Optimization of CU interconnect layers for 2.7µm Pixel image sensor technology[END_REF]. As a result, the stack height between the silicon interface and the bottom of the micro-lens is only 3.1µm. With this new backend architecture, for the Green pixel, the relative illumination is higher than 80% for a diagonal chief ray angle (CRA) of 20° and the one for a diagonal chief ray angle of 25° is higher than 70%.

C. Front-end process

To reduce the electrical crosstalk, a thin epitaxial substrate is used and dedicated P+ implants with gradual energy are implanted below the pixel. The purpose is to optimize differently the photon collection for each color and to isolate laterally the pixels. As shown on figure 8, the quantum efficiency of the green pixel is improved by with the introduction of these specific P+ implants. The same peak increase is observed for the red pixel (+29%). Most of the color ratios have been reduced except the G/R ratio: optimization for these additional implants is in progress to improve the G/R color ratio. With this process modification, the sensor demonstrates a maximum QE in Green of 36% with a f/2.8 incident light and of 40% with a f/8 incident light. The sensitivity of the green pixels is 5000e-/lux.s. It is well known that the pixel size reduction has a negative impact on the pixel storage capacity. To compensate this issue, the STI between adjacent photodiodes is replaced by a P+ implant isolation leading to a charge saturation increase of 30%. The 4 share pixel structure leads to an improved fill factor, but the drawback of this architecture is the high capacitance of the floating diffusion node, as this node is connecting 4 pixels. This high capacitance leads to a lower conversion gain. To overcome this, a specific P-well for the pixel is used with a dedicated optimized recipe. This forms as well the body of the transistors inside the pixel. Compared to the logic CMOS wells implants, this optimization leads to an improvement of the source follower gain coming from 0.78 up to 0.89 with the new pixel transistor process (e.g. "Fig 9"). The SF output gain non linearity inside the operating voltage range has been improved by a factor of 3. Thanks to these modifications, a conversion gain of 70µV/e-is achieved. By optimizing the photodiode implants and the pixel timing, the lag is below the measurement threshold. Thanks to this very good charge transfer and to the crosstalk reduction, the pixel response non-uniformity (PRNU) is below 1.5% for all the colors. At 60°C, the mean dark current is lower than 25e-/s, the quantity of hot pixels higher than 10x the average dark current is less than 0.4%. To reduce as much as possible the hot pixels, the Cobalt salicidation, responsible of defect interface, is totally removed from the pixel area. In order to improve the low light performance, work has been done in order to minimize the noise sources in darkness [START_REF] Leyris | Evolution of R.T.S Source Activities in Saturation Range in N-MOSFETs for Different Oxidation Temperatures[END_REF]. An optimization of the gate oxide type allowing to decrease the pixel temporal noise from 7 to 3e-. The cumulated distribution of the temporal noise is shown on the figure 10.

D. Pixel performances

With all these improvements, a 3MP with 1.75µm pixel pitch was successfully fabricated: 70µV/e-of conversion gain, a full well capacity of 8000e-with max SNR of 35db under the full resolution operation were measured. The main parameters are listed in the Table 1; a color image from a 3MP array with 1.75µm pixel pitch is shown in figure 11. The center of the image is a dedicated test pattern [START_REF] Grant | Characterization of CMOS Image Sensor for mobile phone[END_REF]. The same optimized process was also successfully applied on a 3MP array with 1.45µm pixel pitch and 1T5 pixel architecture. The schematic diagram of a 4 shared pixel structure, 1.5 equivalent transistors by pixel is shown in figure 12: four photodiodes share reset (RESET) and source follower (SF) transistors, the Read transistor is removed to increase the pixels' fill factor. For this 1.45µm pixel pitch, a conversion gain of 66µV/e-was achieved on first silicon with a saturation charge of 4000e-(the implants were not optimized for a 1.45µm pixel which underlines that a better charge storage can be reached), a mean dark current lower than 15e-/s at 60°C and a level of lag always below the measurement threshold. The monochrome image from a 3Mpixel array with a 1.45µm pixel pitch is shown in figure 13.

Conclusion

It has been shown that several innovative process developments & pixel layout improvement enhance the sensitivity, the dark current, the saturation charge, the conversion gain and the noise floor. With this technology, a full 3MP with 1.75µm pixel pitch and 1.45µm pixel pitch have been successfully developed. 
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