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ABSTRACT

The Modulation Transfer Function is a common matised to quantify image quality but inter-pixel sstalk analysis
is also of interest. Because of an important nundfeparameters influencing MTF, its analytical cddtion and

crosstalk predetermination are not an easy taska f6MOS image sensor. A dedicated test chip (uaitgchnology

optimized for imaging applications) has been dewetbin order to get both MTF data and influencéhefvarious areas
of the pixel to its own response and the one ohdéghbors. In order to evaluate the contributibmpigel elementary
patterns (particularly the in-pixel readout cireyjt several kernels of shielded pixels have beasplemented with the
central pixel locally unmasked. The results obtdinéth pixel kernels and direct MTF measuremengsfqgymed on the
same chip at different wavelengths, are analyzeldcampared in order to correlate them and drawlositns that can
be applied at the design level. Additional datailtesy from spotscan measurements allow us to yeifr hypothesis
on different pixels.
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1. INTRODUCTION

Crosstalk in an image sensor results from phote@geead carriers having the possibility to diffusel &0 be collected by
a neighboring pixel. It occurs in both monochromd aolor image sensors. In this last case, crdsstakes poor color
separation and its reduction may avoid color mixing

Our study concerns monochrome CMOS Image Sensahade developed a 1Kx1K-photodiode pixels arragf@ace
applications. The pixel size — 13um pitch — maycbasidered as medium. For sensing and pointingicatigins, an
important crosstalk may affect centroiding detemtion accuracy. For imaging applications, it yieldsa loss of
resolution, i.e. a poor image quality, commonly mfifeed by the Modulation Transfer Function (MTFgo, crosstalk
study is of primary importance for our applications

In the case of an image sensor, the MTF is a caatibim of different MTFs, each degrading the ovepalfformance of
the device. The main components are the integratiuh the diffusion MTFs. The first one takes intx@unt the

influence of the pixel size (giving the spatial gdimg frequency) but also the photosensitive aiea and shape (figure
1). The diffusion MTF describes the image degradatiue to crosstalk between adjacent pixels. depending on
wavelength and doping profile of the photo-elen{égtre 2).
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Figure 1. Photograph of 20umx20um pixels FigurBchematic cross-section of a photodiode

Due to its use in high volume low cost applicatio@$10S image sensors suffer from the reputatioryiefding a
limited image quality. But thanks to efforts madetlze foundry level, optimized CMOS photodiode amwvadays
available. The top layer stack is optimized in oritleenhance the transmission of photons and tbéodlode benefits
from a dedicated doping profile, different from thvee used for the standard drain/source junction.

We had the opportunity to develop sensors usin@auin CMOS optimized technology, thus allowing etjpegy good
performances for imagery applications. We have madethe same type of pixels, quantum efficienepsstalk and
MTF measurements. Our good was to determine thiicipation of the active area to sensor sensitigityl diffusion
processes.

2. CHIP DESCRIPTION

The test chip consists in an array of 128x128 ptioties pixels, 13-um pitch. It uses a 0.35um teldyyooptimized
for imaging applications, thus theoretically yielgito a collection efficiency improvement and lomsstalk so good
performances in terms of Modulation Transfer FunctiThe pixels (figure 3) have been designed toomde two metal
layers (M1 and M2) leaving the upper metal layeBjMvailable for light shielding purpose (figure 4)

Figure 3 : Photograph of 2x2 pixels Figure 4 : Bgodph of the chip

This chip has been designed to allows us to malteeasame time crosstalk and MTF measurements ihg os-chip
metal patterns. These ones (figure 4) emulatelmesli-edge method [1], whose pattern can be eagilppduced. The
on-chip patterns allow getting quickly MTF data latit the use of an optical setup, avoiding for regloneasurement
time and numerous measurement errors. Some plgekted in the center of the slanted-edge patteame been kept
totally or partially unmasked (figure 5). So, byalyzing the responses of these pixels and of thewsunding ones, an
evaluation of the influence of each part of theepte its own signal and to neighbor ones is pdssib



o

'0)‘

12

e

Figure 5 : Photograph of the test pixels

Metal-covered pixels may have a conversion gainKCMfferent of the one of non-covered pixels (pizapacitance is
modified by the metal layer). If changes in CVF aignificant, the numerical response of each pmest be corrected
of its own CVF. The detector has been entirely abi@rized in term of CVF before any other measurgéne our case,
differences between measured CVF values are nblgligue to the use of a metal layer sufficientiyhhi

3. ELECTRO-OPTICAL MEASUREMENTS

3.1. QUANTUM EFFICIENCY

Measurements of quantum efficiency on unmaskedipixave been made using a monochromator. Thus silsato
explore the spectral range 400-900mn with a 10 tem KResults are shown on the figure 6.
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Figure 6: QE x FF for 13um pitch pixels — 0.35um C#@ptimized technology — 60% fill factor

As expecting, quantum efficiency results are gdtehk quantum efficiency is obtained at the wavealen§560nm (QE
x FF = 51%). The sensor also demonstrates gooamsspin blue and red, thus proving really good greréance in
photon transmission and collection efficiency.



3.2. CROSSTALK ANALYZIS

The first step of this characterization was to difyarthe M3 optical transmission. Since the resmsnef the masked
pixels don’t show a significant increase with refjt the illumination, we can consider that thei@ttransmission is

negligible, and even zero. It is then possiblede a uniform illumination for the crosstalk evaloat Considering a 3x3
pixels kernel with a test pixel in its center, otthys one can receive illumination.

Pixels totally
masked

Pixel partially
unmasked

We measure the signal with regard to the sourcénkamee for each pixel of the kernels, and calcullageratio between

the slope of the masked pixels against the ceatral(totally or partially unmasked). So we can eatd the quantity of
charges generated in the central pixel and diffusinthe neighbors ones, i.e. the crosstalk.

Let us consider the block containing the pixel Mhijch one is totally uncovered. The block relatigsponses, obtained
at 500nm and 800nm, are respectively representédecingures 7 and 8.
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Figure 7 : Block response at 500nm Figure 8 : Bl@dponse at 800nm

Significant signal is only obtained on the surroagdpixels. As can be seen, crosstalk increasds thid wavelength

and seems to be asymmetrical. The figure 9 show® moecisely the wavelength dependence and therelifEes
between the pixel responses.
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Figure 9 : Crosstalk evaluation on the pixel blatkvhich the central pixel is totally unmasked

We can notice that the values measured on the \&l-pixd the E-pixel are very close and that crdsstaties quasi
linearly with wavelength. Even at long wavelendtr, which diffusion is very important, crosstalklves are low, thus

proving the good performances of this technologyifieaging applications. Regarding the curves oleifor the N-
pixel and the S-pixel, crosstalk appears clearlgeasg asymmetric.

Similar quasi-linear trends have already been fdupdimulation and measurements on CCD test stegti2] as on
CMOS pixels [3] by photocurrent calculations. Thist work showed also evident differences betwaenstalk values

depending on the diffusion direction. Measuremeanésle on four CMOS image sensors (including two cercral
sensors) revealed an equivalent asymmetry [4].

So, it is now interesting to wonder why, while tlifusion is isotropic, the crosstalk doesn’t shawymmetry.

3.3. ACTIVE AREA PARTICIPATION TO CROSSTALK AND QE

In order to quantify the participation of the eatactive area to the crosstalk, we study the bbockaining the pixel n°2
(active area totally covered by the upper metaddpyFigure 10 shows the responses of the pixetesoding the pixel

ne2.
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Figure 10 : Crosstalk evaluation on the pixel bloclvhich the central pixel active area is totallgsked



While the crosstalk values are unchanged in thedatal direction (W-pixel and E-pixel), active arenasking reduces
crosstalk calculated on the S-pixel. More, valubgimed for the S-pixel and the N-pixel are the sao crosstalk is
now symmetric.

Masking the pixels active area seems to be a gmelation for crosstalk reduction. However, effeots quantum
efficiency must be verified. The figure 11 showsqum efficiency measured for pixel n°1 and n°2.
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Figure 11: Active area masking influence on quandtfiiciency

We remind that pixel n°1 is totally unmasked wtiiile upper metal layer covers the active area opikel n°2. As can
be seen, this induces a slight difference in quangfficiency values — peak quantum efficiency i®wb47.7% at
560nm for pixel n°2. So, we can deduce that carigee generated in the active area, diffuse taémptetion region and
participate to the pixel response.

The study of pixels n°9 to n°13 would allow us tet @ better knowledge of active area participat@rguantum
efficiency and to crosstalk. In these pixels, omlyart of the active area remains uncovered (fig@je
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Uncovered pixel Pixel n°9 Pixel n°10 Pixel n°11 &ir°12 Pixel n°13
Figure 12 : Photograph of pixels n°9 to n°13 onchtonly a part of the active area is uncovered
Parts of active area remaining uncovered are abouh? for each pixel. The contribution to the olgphoto-response

of each part of the active area can be comparegkagining the relative quantum efficiency of thessall windows.
Results shown in figure 13 demonstrate a very demical contribution.



o
IS

QE x FF (%)
o o o
B 92 v © W
[6;] N [6)] w [8)])
=
w

o
[
1

0,05 __/W\

400 500 600 700 800 900
Wavelength (nm)

Figure 13 : Active area contribution in quantumcééncy

Additionally, relative responses of the S-pixellwiegard to the central one have been computeeafch block (figure
14).
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Figure 14 : Relative response of the S-pixel withare to the central one on which only a part ofvacirea is uncovered

Differences in quantum efficiency and crosstallagidd for these pixels can be explained by anadyttie pixel layout.
In pixels n°10 to 13, active area parts uncovei@utain metal lines and transistors. Due to theafsglicides, only a
small surface is really transmissive. This can aixpthe differences in quantum efficiency. The gebiu repartition of
areas containing only Field Oxide (no metal limestransistors) explains the differences in crdsstalues.

In conclusion to crosstalk and quantum efficientydg, it appears that masking the active area allobtaining a
symmetrical crosstalk (for each direction) and low&ues. We can also imagine the systematic mgskimny part of

the pixel which is not designed to be photoserssitithis solution has already been studied as fob {8} than for
CMOS pixels [3][6].



3.4. MODULATION TRANSFER FUNCTION AND SPOTSCAN MEASUREMENTS

Modulation Transfer Function measurements have Ineathe using the slanted-edge pattern implementéeathip
level. Results have been validated by sine tanggtséanted-edge target measurements [7].

Figures 15 and 16 show the MTF in the horizontal #ve vertical direction, measured for four wavglbs between
500nm and 800nm. The integration MTFs, calculatpdlyéng a two-dimensional Fast Fourier Transform the
photosensitive area shape [8], are also shown.
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Figure 15 : MTF in the horizontal direction (X)

lig 16 : MTF in the vertical direction (Y)

The photosensitive area has a rectangular shajgelaitger in the horizontal direction than in thertical one. So, the
vertical MTF must theoretically be better than twizontal MTF. The following table presents valudgained at the
Nyquist Frequency for the integration and the messiTFs.

MTF X MTFY

Integration MTF 0.70 0.79
500 nm 0.69 0.74
580 nm 0.68 0.73
650 nm 0.67 0.73
800 nm 0.63 0.68

As expecting, the vertical MTF is better than tleeizontal one. We can notice that measured MTFseaine close to the
integration MTF, particularly in the X direction.igher crosstalk values obtained in the Y directoam explain the
larger difference between integration and meashf€H.

Spotscan measurements allow us to confirm thasfiaial photo-response contribution do match thetgsensitive
area shape. They have been made on these pixélswibptical spot of about 1.5um diameter. It isapled using a
pinhole (50um diameter) associated with a microsaaigiective (NA=0.55) allowing to get the Airy d#iction figure
on the sensor surface. A laser source is often feredubpixel sensitivity map [9][10] but the ogtlcsetup may be
complicated by the laser section diameter (abautri).

The figure 17 presents measurements made in tleohtal and the vertical direction.
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Figure 17 : Spotscan measurements on the 13umpakeh(500nm)

The 3-um annotated on the figure corresponds todtheension of the active area in the Y directiomeTedges
sharpness allows us to confirm that the integraltidr, only taking in consideration the photosensitarea shape, is a
good approximation of the sensor MTF.

3.5. STUDY OF DIFFERENT PIXELS

The MTF and spotscan measurements made on this {@i@am pitch — 2 metal layer) allow us to thinlkaththe
photosensitive area shape is preponderant. In twdgveck if this is due to the technology used haee made spotscan
measurements on two other types of pixels haviddfarent geometry. The both use three metal ldyerthe first one
is a 13um pitch pixel even while the second orjsm pitch. The wavelength of incident light beB@dnm, the spot
diameter is now about 2um. The figures 18 and &8quts the spotscan results.
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Figure 18 : Spotscan measurements on the 13um-pBametal Figure 19 : Spotscan measurements on the 10pum-pametal
layer pixel layer pixel

In both cases, we can notice the low responseeofigighbors when the spot in centered on the pbeelcrosstalk is not
of critical importance and we can expect, as with 13um pitch — 2 metal layer pixel, a real MTFseldo the
integration MTF.



3.6. CROSSTALK/MTF CORRELATION

The figure 20 represents MTF values obtained atNyguist frequency with regard to the crosstalk suead for the
same wavelength.
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Figure 20 : MTF @Nyquist frequency vs. crosstalk

MTF values obtained in the horizontal direction elegh quasi-linearly on crosstalk measured at theesaavelength.
This trend is not as much evident in the vertigedation. The crosstalk aspect observed for théx8kpnay explain this.

CONCLUSION

This work allow us to bring up the active area iggoation to pixel response (quantum efficiencyyl o crosstalk. This
one varies quasi-linearly with wavelength but prse dissymmetry mostly due to active area orggioiz. Masking
active area appears as a good solution to redusstatk by recovering a symmetry and without anartgnt loss in
guantum efficiency.

Thanks to the use of an optimized technology, wealsserve a quasi —linear dependence of MTF orstaiésvalues,
which ones are very low. In such a way, the phatsisee area shape is preponderant. So, the irtegraMTF,
obtained applying a 2D FFT to the photosensitivaahape, allow to get a good approximation ofséresor MTF
mostly if a mask is applied on the active area.
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