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Design of a CMOS image sensor pixel with embedded poly-silicon nano-grating for near-infrared imaging enhancement

CMOS (Complementary Metal-Oxide Semiconductor

) image sensor sensitivity in the near-infrared spectrum is limited by the absorption length in silicon. To deal with that limitation, we evaluate the implementation of a polysilicon nano-grating inside a pixel, at the transistor gate level of a 90 nm standard CMOS process, through opto-electrical simulations. The studied pixel structure involves a polysilicon nano-grating, designed with the fabrication layer of the transistor gate, which does not require any modifications in the process flow. The diffraction effect of the nano-grating increases the length of the light path in the photosensitive area and thus increases the photoelectric conversion efficiency. The nano-grating is integrated in combination with deep trench isolations in order to reduce crosstalk between pixels. Coupled optical and electrical simulations report 33 % external quantum efficiency improvement and 7 % crosstalk reduction at 850 nm.

INTRODUCTION

Near-Infrared (NIR) spectrum detection has found several applications for imaging and machine vision. Multi-spectral camera using together color and NIR detection allow machine vision enhancement for portraying, shadow removal, vein detection and some industrial applications such as fruit and vegetable sorting, food inspection, tiles inspection [START_REF] Chen | Rgb-nir multispectral camera[END_REF][START_REF] Monno | Single-sensor rgb-nir imaging: High-quality system design and proto-525 type implementation[END_REF][START_REF] Hertel | A low-cost 527 vis-nir true color night vision video system based on a wide dynamic 528 range cmos imager[END_REF]. Facial identification is a typical embedded function in smartphone using NIR detection [START_REF] Zhao | Facial 531 expression recognition from near-infrared videos[END_REF] and applications as LIDAR based systems [START_REF] Mei | Atmospheric aerosol monitoring by an 534 elastic scheimpflug lidar system[END_REF], Driver Assistance Systems [START_REF] Ge | Real-time pedestrian detection and tracking 537 at nighttime for driver-assistance systems[END_REF], guidance systems [START_REF] Li | In-540 frared camera array system for air robot autolanding without gps[END_REF] or security camera need the ability to imaging at low light level with a specific illumination sources commonly at 850 nm or 940 nm. NIR detection can also be useful in other contexts, such as plant tissue analysis [START_REF] Türker-Kaya | A review of mid-infrared and near-544 infrared imaging: Principles, concepts and applications in plant tissue 545 analysis[END_REF] or medical imaging [START_REF] Luo | A review of nir dyes in 547 cancer targeting and imaging[END_REF][START_REF] Yue | Ir-780 dye loaded tumor targeting theranostic nanoparticles for nir imaging and photothermal therapy[END_REF]. Considering the growing demand of near-infrared imaging, the sensitivity of CMOS Image Sensor (CIS) for wavelength between 800 and 1100 nm has become a paramount consideration.

The CIS market is mainly driven by silicon based CIS for visible application. However, silicon is poorly absorbent in the NIR spectrum and represents a limiting parameter for affordable and scalable NIR detection for mass market. Moreover, CIS foundries use thin optically active layers, obtaining better performances for visible imaging but resulting with a drastic fall down of their performances for wavelength above 650 nm [START_REF] Pralle | IR CMOS: infrared enhanced silicon imaging[END_REF][START_REF] Lauxtermann | A monolithic 640x512 CMOS imager with high-NIR sensitivity[END_REF][START_REF] Virmontois | Radiation effects in pinned photodiode cmos image sensors: Variation of epitaxial layer thickness[END_REF]. A typical active layer thickness is between 3 µm and 5 µm 25 whereas, at a wavelength of 850 nm, the penetration depth after 26 which the light is absorbed by 63% is over 18 µm in silicon. To be 27 efficient, NIR detection with silicon needs significantly thicker 28 photosensitive layer than what standard CIS fabrication usually 29 allows. Therefore, some studies have investigated a detector 30 with a thicker active layer in silicon [START_REF] Dierickx | NIR-enhanced image sensor using multiple epitaxial layers[END_REF][START_REF] Venezia | Second generation small pixel technology using hybrid bond stacking[END_REF], making the photo-31 sensitive layer going deeper in the silicon with high resistivity 32 epitaxial layer [START_REF] Lincelles | Enhanced near-infrared response cmos image sensors using high-resistivity substrate: Photodiodes design impact on performances[END_REF][START_REF] Fang | Analyses of pinned photodiodes with high resistivity epitaxial layer for indirect time-of-flight applications[END_REF] or by applying a negative voltage at the 33 back of the photodiode [START_REF] Lauxtermann | A monolithic 640x512 CMOS imager with high-NIR sensitivity[END_REF] . Unfortunately, these solutions re- extensively studied [START_REF] Hung | Enhanced efficiency in backside-illuminated deep-n-well-assisted cmos photovoltaic devices[END_REF][START_REF] Oshiyama | Near-infrared sensitivity enhancement of a back-illuminated complementary metal oxide semiconductor image sensor with a pyramid surface for diffraction structure[END_REF][START_REF] Yokogawa | IR sensitivity enhancement of CMOS Image Sensor with diffractive light trapping pixels[END_REF][START_REF] Han | Deep trench isolation and inverted pyramid array structures used to enhance optical efficiency of photodiode in cmos image sensor via simulations[END_REF]. In addition, the principle of high ab-42 sorption by a structure combining plasmonic diffraction and the 43 use of metallic trenches has been demonstrated [START_REF] Ono | Near-infrared sensitivity improvement by plasmonic diffraction for a silicon image sensor with deep trench isolation filled with highly reflective metal[END_REF]. In the same 44 idea, photodiodes with micro-structured holes have been de-45 signed and fabricated [START_REF] Gao | Photon-trapping microstructures enable high-speed high-efficiency silicon photodiodes[END_REF], the holes structure is used as photon-46 traps to improve the NIR detection of a single photodiode large 47 of 30 µm. More recently, a single micro-hole structure per pixel has been optically investigated for a silicon based CIS [START_REF] Devine | Single microhole per pixel in cmos image sensors with enhanced optical sensitivity in near-infrared[END_REF] showing a drastic increase on the optical efficiency through simulations and needing a specific etching step. This work is focused on FrontSide Illuminated (FSI) devices and presents a solution for a NIR enhanced imaging sensor that does not need adding any supplementary steps in the process flow of a standard CIS fabrication. To doing this, the implementation of a poly-silicon nano-grating, designed from the layer of fabrication of the transistors gate, has been studied. In the same way, poly-silicon nano-gratings have already been implemented as reflectors [START_REF] Hung | High-contrast polysilicon grating reflectors implemented in a standard bulk cmos line[END_REF][START_REF] Hung | Improved performance in mirrorassisted back-contact cmos photovoltaic devices[END_REF][START_REF] Hung | Backside-illuminated cmos pho-618 todiodes with embedded polysilicon grating reflectors[END_REF] or color filters [START_REF] Cong | Integrated color 621 photodetectors in 40-nm standard cmos technology[END_REF], it makes use of the transistor gate layer to design a nano-grating in order to reflect light or to be wavelength selective. In this paper, it is designed to diffract light inside the epitaxial layer and so enlarge the light path inside the photo-active region. The main advantage of this design is that it allows the use of the lithography and the etching steps of the transistors' gate fabrication, resulting in no additional manufacturing costs.

In addition, the use of Deep Trench Isolation [START_REF] Kitamura | Sup-625 pression of crosstalk by using backside deep trench isolation for 1.12 626 µm backside illuminated cmos image sensor[END_REF][START_REF] Tournier | Pixel-to-Pixel isolation by Deep Trench 630 technology: Application to CMOS Image Sensor[END_REF] (DTI) technology helps the diffracted light to be confined within the pixel avoiding it to spill over to the adjacent pixels, which it is named crosstalk and degrade image quality. FSI silicon based CIS with implemented nano-grating is investigated and designed by optical and electrical simulations, using LUMERI-CAL software, to enhance NIR detection at a wavelength of 850 nm. FSI CIS are relevant in applications where resolution and pixel size are not significant for primary interest, allowing to achieve high dynamic range and low cost fabrication. Optical and electrical coupling enables to calculate the total number of collected photogenerated carriers by the detector, whereas optical simulations alone calculate only the number of absorbed photons which is less representative of the detector efficiency.

METHODOLOGY

A. Pixel design

Figure 1.a) is a schematic cross sectional view of an FSI CIS pixel (standard pixel) it is composed of a silicon substrate on which a Si-epitaxial layer is grown. The epitaxial layer is P doped (P -epi) two orders of magnitude less than the substrate (P ++ sub). An N doped region (N-well) is introduced in the epitaxial layer in order to create the PN junction. At the top of the device are oxide layers and metallizations used to connect pixels and lecture nodes. The color filter is a spectral selective layer used in most cases for color reconstitution (e.g : Red, Green and Blue color filters), the layer between the oxide stack and the color filter is a passivation layer made of silicon nitride and on top of the pixel, the micro-lens is there to concentrate the light on the PN junction area, enhancing the fill factor and it also allows avoiding light scattering by the metallizations [START_REF] Lopez | Integration of nanostructured planar diffractive lenses 634 dedicated to near infrared detection for cmos image sensors[END_REF]. As an image sensor is made up of a matrix of pixels, each pixel needs to be electrically isolated from each other, which is achieved by the use of Shallow Trench Isolation (STI), a trench in silicon filled with oxide in order to prevent electric current leakage between adjacent pixel. 

B. Figures of merit 119

The key properties of the pixel are its capability to collect as the first one is the calculation of the optical excitation E( r) [START_REF] Hirigoyen | FDTD-based 642 optical simulations methodology for CMOS image sensor pixels archi-643 tecture and process optimization[END_REF] 149

(1 in Fig. 2), then comes the calculation of the absorption in of the pixel k, is calculated by Eq.3 where r is the position vector.

157

The integral is done over the photo-active region.

158

S k = G( r)P( r) d r (3) 
The electrical calculation of P( r) is done by considering the 208 

|E| 2 = 1 2 |E s | 2 + 1 2 |E p | 2 (4) 

NANO-GRATING OPTIMIZATION AND RESULTS

224

A complete optimization of the grating parameters is performed 254

θ m = arcsin( m × λ n Si × p ) (5) 
To stay in the conditions of the total internal reflection on the 255 DTI-silicon interface, the diffracted angle θ m must be smaller 266

θ m < π 2 -arcsin( n SiO 2 n Si ) ( 6 
)
θ m > arctan( l pixel 2 × D DTI ) (7) 
Applying this to a wavelength of 850 nm, a DTI depth of 4 299

The analytical result for the optimal period range (Eq. 5, 6, 300 and 7), calculated previously, is also plotted in Fig. For the optimal values of the period and the width obtained 

355

The EQE is enhanced for wavelengths greater than 600 nm, 356 and it can be noticed a drop at wavelengths smaller than 500 nm. As a conclusion for this section, the angular response of the pixel with the implemented grating shows that it over performes the standard pixel for a large angular range, making it relevant for imaging with large angle optics. However, the difference in quality between the edge and center pixels could be higher than that of imaging with a standard pixel. All results are standardized by those of the standard E3 for ease of comparison.

INFLUENCE OF THE EPITAXIAL

It can be seen that the thickening of the epitaxial layer leads to an EQE enhancement, but also leads to a large deterioration of the CTK. If averaged values between 700 nm and 1100 nm are considered, the EQE of grating E3 is 20,4 % higher than the EQE of standard E3 whereas the EQE of standard E10 is 39.9 % higher than the one of standard E3. DTI are efficient when their depth is greater than or equal to that of the epitaxial layer. For example, at DTI depth of 6 µm the CTK is 15.8 %, 15 %, 14.1 % and 13.1 % respectively for epitaxial thicknesses of 3 µm, 4 µm, 5 µm and 6 µm. Then the CTK jumps to 21.7 % for an epitaxial thickness of 7 µm and is growing higher with thicker epi-layer. An optimum is generally observed when the DTI depth equals the thickness of the epitaxial layer. Since the carrier life-time in the epitaxial layer is higher than that in the substrate (its doping level is much higher), most of the electrical cross-talk occurs in the epitaxial layer where the carriers likely to diffuse in neighboring pixels will be blocked by the DTI.

CONCLUSION

The near-infrared enhancement of the sensitivity of a standard frontside pixel of a CMOS image sensor with an integrated polysilicon nano-grating has been demonstrated through electrooptical numerical simulations. The pixel is designed so that it does not require any additional process steps compared to manufacturing a standard CMOS. It has been shown that the diffractive effect of a nano-grating combined together with deep trench isolation can lead to improved near-infrared detection without deteriorating the crosstalk compared to a standard pixel.

The angular dependency of the pixel is slightly deteriorated by the nano-grating but is always more efficient for angles of incidence between 0 and 30 • . At a wavelength of 850 nm, it has been shown that the near-infrared detection enhancement is about 33.5 % and the crosstalk is reduced by 6.9 %. The implementation of the nano-grating could lead to imaging in the near-infrared with better sensitivity and image contrast. The improvement in EQE provided by the nano-grating is equivalent to that of an active layer 3 times thicker but without the deterioration of CTK associated with this thickening. The best configurations are obtained with an epitaxial layer thickness equals to the DTI depth. For multi-spectral applications, each pixel could have its own grating parameters optimized for its operating wavelength.
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34 quire processes adaptation differing from more conventional 35 silicon

 3435 based CIS. Consequently, NIR silicon based CIS require 36 investment in equipment and process variation, impacting the 37 production cost. Another enhancement method is about to ex-38 tend the effective light path length inside the active layer with 39 diffractive structures. 40 Backside illuminated CIS with pyramid structures has been 41

Fig. 1 .

 1 b) is the schematic cross-sectional view of an FSI CIS pixel architecture with integrated Poly-Si nano-grating and Deep Trench Isolation (DTI). As illustrated, the grating diffracts light and DTI replaces standard isolation in order to confine diffracted light inside the photodiode.

Fig. 1 .

 1 Fig. 1.c) and d) show a schematic top view of respectively the standard pixel and the pixel with integrated nano-grating, there is the photodiode dedicated to light absorption and the lecture node allowing to initialize the photodiode, to select the

Fig. 1 .

 1 photodiode

150

  the silicon leading to the photo-carriers generation function 151 G( r) (2 in Fig.2). The last part is the calculation of the photo-152 carriers transport in the photodiode leading to the photo-carriers 153 collection probability P( r)[START_REF] Gazeley | Quantum efficiency simu-648 lation using transport equations[END_REF] (3 in Fig.2). The first two parts 154 involve optical simulation and the third part concern electrical 155 simulation. The total amount of collected photo-carriers, S k ( r), 156

159 2 164

 2 response to a generation rate point source located at r. This 160 impulse source is swept over all r in the simulation domain 161 in order to achieve a complete map of P( r). Therefore, P( r) 162 is calculated once for a specific junction architecture and then 163 used for arbitrary optical inputs. The Block diagram in Fig. summarizes the different calculation steps to obtain the total 165 amount of collected photo-carriers for a specific illumination.

Fig. 2 .Fig. 3 .

 23 Fig. 2. Block diagram of the coupling between electrical and optical simulationFDTD Lumerical software is used to solve the time-

  223

  225in order to find the best period and width of the grating at a 850 226 nm wavelength, used in typical NIR detection applications. First 227 simulations are performed in order to calculate the references 228 EQE and CTK so Fig. 4 and Fig. 5 are the simulations done for a 229 pixel with standard oxide isolation and without nano-grating, 230 cf. Fig. 1.a). The generation functions Fig. 4.a) and Fig. 5.a) 231 multiplied by the collection probabilities Fig. 4.b) and Fig. 5.b) 232 give the collected photo-carriers densities Fig. 4.c) and Fig. 5.c).

Fig. 4 .

 4 Fig. 4. Simulations for the EQE calculation (a) the generation function (carriers.m -2 .s -1 ), (b) the probability of collection of the central pixel and (c) the density of photo-carriers collected by the central pixel (carriers.m -2 .s -1 ).

Fig. 5 .Fig. 6 .

 56 Fig. 5. Simulations for the CTK calculation (a) the generation function (carriers.m -2 .s -1 ), (b) the probability of collection of the central pixel and (c) the density of photo-carriers collected by the central pixel (carriers.m -2 .s -1 ).

256

  than the upper limit defined in Eq.6 so the angle θ c in Fig.6.b) is 257 small enough to yield total reflection. Indeed, when the angle 258 of reflection θ m is too small, the total reflection condition is not 259 satisfied, the light is not totally reflected so goes partially to the 260 adjacent pixel and the image quality is degraded. In another 261 hand, in order to be reflected by the DTI and because the depth 262 of the DTI is finite, the diffracted angle must be greater than the 263 lower limit defined in Eq.7, where l pixel the size of the pixel and 264 D DTI the depth of the DTI. If not satisfied, the light goes beneath 265 the DTI and illuminates the adjacent pixel.

Fig. 7 .291Fig. 8 .

 78 Fig. 7. (a) Illustration of frustrated total internal reflection inside a pixel (b) CTK as a function of DTI width considering the DTI depth infinite.

Fig. 9

 9 Fig.9shows the collection function of the photo-carriers S( r)

Fig. 9 .( 1 )Fig. 10 .

 9110 Fig. 9. The density of collected photo-carriers by the pixel k with a nano-grating (w = 195 nm ; p = 360 nm).

Fig. 11 .Fig. 12 .

 1112 Fig. 11. EQE calculated with a source of (a) TM and (b) TE polarization.

340348

  for a non-polarized light (p = 360 nm and w = 195 nm), EQE 341 (resp. CTK) is equal to 34.1 % (resp. 19.1 %) in polarization 342 TM and 36.9 % (resp. 18.8 %) in TE polarization. This weak 343 dependence on polarization is attributed to the thin thickness of 344 the grating (t = 100 nm) and could be made negligible by using 345 a 2D symmetrical grating, which is intrinsically independent of The spectral response of a standard pixel and that of a pixel 349 with nano-grating was calculated. The grating parameters come 350 from the optimization at wavelength of 850 nm, presented in the 351 previous section (p = 360 nm ; w = 195 nm). EQE and CTK are plotted Fig. 13.a) and b), as a function of wavelength, the dotted 353 curve is for the standard pixel and the solid line is for the pixel 354 with embedded grating.

357Fig. 13 .

 13 Fig. 13. a) EQE and b) CTK as function of the wavelength, dotted line is the reference standard pixel, solid line is the pixel with implemented nano-grating.

367F. Angular responses 368

 368 The previous results are obtained with pixels illuminated by a 369 plane wave source at normal incidence. These results already 370 take into account the entire angular range provided by the micro-371 lens of the pixel. But in an imaging device, an upstream optical 372 system focuses the light on the image sensor, meaning that the 373 light comes with an angle of incidence on the pixel, even before 374 the micro-lens. The angle seen by one pixel depends on its 375 location in the pixel matrix and on the characteristics of the 376 optical system. The pixels located on the edges of the matrix see 377 a larger angle of incidence than the pixels in the center. So, for 378 an imaging device to have homogeneous spatial image quality, 379 it is important to minimize the EQE and CTK variations with 380 the angle of incidence, shown in fig. 14.a) and b) respectively.

Fig. 14 .Fig. 15 .

 1415 Fig. 14. a) EQE and b) CTK as function of the angle of incidence, dotted line is the reference standard pixel, solid line is the pixel with implemented nano-grating.

  LAYER THICKNESS AND THE DEEP TRENCH ISOLATION DEPTH A. Spectral study for a fixed deep trench isolation depthA common and easiest way to enhance the NIR detection of a standard CIS is to thicken the epitaxial layer, allowing the carriers to be collected deeper in the silicon (life-time of carriers is longer in the epitaxy than in the substract). So far, in this paper, an epilayer thickness of 3 µm has been considered, designs with a 10 µm epitaxial layer will now be considered. All configurations studied in this part are shown in Fig 16.a). Standard E3 and grating E3 are the names of the designs previously studied. Standard E10 is for the standard pixel with an enlarged epitaxial layer of 10 µm and Grating E10 is a pixel with implemented nano-grating on an epitaxial layer of 10 µm. The DTI depth is kept at its previous value of 4 µm. Fig. 16.b) and Fig. 16.c) show results for the EQE and CTK for the four different pixels designs.

. SIMULATIONS METHODOLOGY 146 A. Collected photogenerated-carriers 147

  

	140	leads to a higher image quality. These two parameters will be			
	141	used to determine the enhancement of the new pixel design over			
	142	the standard pixel design. In order to obtain the best image			
	143	quality, the pixel design has to maximize the EQE and minimize			
	144	the CTK. Most of the time, it will be a compromise between the			
		two characteristics.			
	148	Three steps are needed for the simulation of EQE and CTK,			
		120			
		121	much of incident light as possible and its capability to avoid
		122	collecting light coming from neighbouring pixels. They are
		123	quantified by the External Quantum Efficiency (EQE) and the
		124	Crosstalk (CTK) that are used here as Figures Of Merit (FOM).
		125	The EQE corresponds to the ratio of the number of collected car-
		126	riers (i.e. the number of electron-hole pairs) to the total amount
		127	of incident photons. Eq.1, shows that the EQE can be defined as
		128	the Internal Quantum Efficiency (IQE), which is the number of
		129	collected carriers over the absorbed photons, times the Optical
		130	Efficiency (OE), which is the number of absorbed photons over
		131	the number of incident photons. Therefore, the higher the EQE
		132	the brighter the image. The crosstalk occurs when a pixel col-
		133	lects carriers that should have not been collected by itself, but
		134	rather by the one of those next to it. CTK is, for a given pixel,
		135	the ratio of carriers collected which have been photo-created in
		136	a neighboring pixel as shown in Eq.2. It follows that the lower
		137	the CTK, the sharper the image, suppressing CTK gives better
		138	image contrast[32].		
			collected carriers incoming photons	=	collected carriers absorbed photons	×	absorbed photons incoming photons
			EQE			IQE	OE
						× 100 (1)
			CTK =	crosstalk collected carriers total collected carriers	× 100	(2)

145 3

Table 1 .

 1 Simulations parameters

	209	C. Parameters of the model
	210	In table 1 are listed the geometric properties and the doping level
		of layers presented in Fig.1. The passivation layer is the inter-

211 mediate layer of Si 3 N 4 between the oxide stack and filters. The 212 simulations are run considering a pixel width of 6 µm, which is 213 a size that allows good dynamic range and with a DTI depth of 4 214 µm and an epitaxial layer thickness of 3 µm, typically optimized 215 for low dark current and good EQE. 216 Regarding the optical properties of the different materials 217 used, the silicon Si data are taken from Schinke et al.[35] for 218 extinction coefficient values and from Vogt[36] for refractive 222 are set as perfect electrical conductors.

Results for a variation of the epitaxial layer thickness and 455 deep trench isolation depth at 850 nm 456

  So far in this article, the depth of the DTI was fixed at a value of 4

	440	that the CTK for grating E3 is better than the reference standard
	441	E3 (between 800 and 1000 nm). Grating E10 configuration is
	442	better than the standard E10. The 10 µm epitaxial layer degrades
	443	the CTK since the DTI depth of 4 µm considered here is not deep
	444	enough to be sufficiently efficient. A deeper DTI might give
	445	better results. This parameter will be theoretically investigated
		in the next part of this paper.				
				(a) schematic pixel design	
			standard E3		grating E3	standard E10	grating E10
		(b) normalized EQE		(c) normalized CTK
		2.5	standard E3 grating E3			2			standard E3 grating E3
			standard E10						standard E10
		2	grating E10						grating E10
							1.5			
		1.5								
		1					1			
		700	800	900	1000	1100	700	800	900	1000	1100
			wavelength (nm)			wavelength (nm)
		Fig. 16. a) schematic pixel design respectively for standard E3,
		grating E3, standard E10, grating E10. b) EQE and c) CTK as
		function of the wavelength.					
	447									
	448	of "grating E3" structure is almost equivalent to that of "standard
	449	E10" its CTK is 60 % lower than that of "standard E10". So at 850
	450	nm, the EQE of the design presented in this paper is equivalent
	451	to that of a pixel having an active layer more than three times
	452	thicker. While improving EQE by thickening the active layer
	453	leads to drastic deterioration of CTK, the design presented here
		improves both EQE and CTK.				
	457									
	458	µm, in this part, the influence of the DTI depth on EQE and CTK
	459	is studied for several epitaxial layers. Corresponding results are
	460	shown in Tab.2. For each combination of epitaxial thickness and
	461	DTI depth, the EQE and CTK are reported. These results are
	462	obtained for a wavelength of 850 nm and the grating parameters
	463	are set to p = 360 nm and w = 195 nm for all configurations. DTI
	464	depth of 6 µm and 8 µm will be studied, but as it is complicated
	465	to fabricate DTI deeper than 4 µm, the results are shown for
	466	theoretical knowledge, as a process development anticipation.
	467	A first observation is that the CTK is deteriorated compar-
	468	atively to the reference for DTI depths of 0 and 2 µm and is
		enhanced for values higher than 4 µm, whatever the thickness

Then, the best EQE enhancement is for grating E10 (68.3 %). Considering the crosstalk, it can be seen 446 At the wavelength of interest (850 nm), the EQE enhancement 454 B. 469 of the epitaxial layer. This corresponds to the minimum depth 470 needed to have the first diffracted order of the nano-grating 471 reflected by the DTI. 472 In addition, it can be seen that the EQE is almost independent 473 of the DTI depth. Indeed, diffraction by nano-grating extends 474 the light path in the silicon layer in a same proportion with and 475 without DTI. When the DTI is not deep enough, light diffracted

Table 2 .

 2 EQE and CTK calculation for different DTI and epitaxial layer thicknesses, results are presented for the grating parameters that optimize the EQE for a wavelength of 850 nm propagates toward neighbour pixels and the number of photons collected by a pixel remains roughly the same because of the periodicity of the pixels.

	DTI	FOM			Epitaxial thickness (µm)		
			3	4	5	6	7	8	9	10
	reference EQE	26.6%	29%	31%	32.7%	34.1%	35.1%	35.9%	36.6%
		CTK	20.4%	21%	23.8%	26.7%	29.2%	31%	32.4%	33.6%
	0 µm	EQE	35.5%	38.6%	41.3%	43.4%	45%	46.5%	47.5%	48.4%
		CTK	26.6%	28%	30%	31.7%	32.9%	33.9%	34.6%	35.3%
	2 µm	EQE	35.5%	38.6%	41.3%	43.5%	45.1%	46.4%	47.5%	48.4%
		CTK	25.6%	27%	29.1%	30.9%	32.2%	33.2%	34%	34.7%
	4 µm	EQE	35.5%	38.7%	41.4%	43.6%	45.3%	46.6%	47.7%	48.5%
		CTK	19%	16.7%	21.3%	24.5%	27%	28.9%	30.2%	31.2%
	6 µm	EQE	35.7%	38.7%	41.7%	44.5%	46.2%	47.5%	48.5%	49.3%
		CTK	15.8%	15%	14.1%	13.1%	21.7%	24.7%	26.7%	27.9%
	8 µm	EQE	36%	39%	41.8%	44.5%	47.1%	49.6%	50.1%	50.7%
		CTK	12.7%	12.5%	12.3%	12.1%	11.8%	11.4%	22%	24.4%
	by a nanograting