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ABSTRACT

Due to different local intra-pixel sensitivity amdosstalk between neighboring pixels, the Pixelpgease Function of
detectors (PRF - signal of the pixel as a functiba point source position) is generally non-unifoiThis may causes
problems in space application such as apertureopteity and astrometry (centroiding). For imagingleations, an

important crosstalk yields to a loss of resolutiba, a poor image quality, commonly quantified thg Modulation

Transfer Function (MTF). So, crosstalk study igpofmary importance for our applications.

A dedicated test chip (using a technology optimif@dimaging applications) has been developed depto get both
MTF data and influence of the various areas offiixel to its own response and the one of its nesghbThe results
obtained with pixel kernels and direct MTF measwerts, performed on the same chip at different vengths, are
analyzed and compared in order to correlate thenit iS possible to draw conclusions -that can fiygliad at the design
level - allowing to get a better MTF and to minimigrrors on aperture photometry and centroidingpedation.
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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 focuses on monochrome CMOS Image Sewsosstalk behavior. For sensing and pointing appibas, 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 (MTFo, crosstalk
study is of primary importance for our applications

Due to its use in high volume low cost applicatio@80OS image sensors suffer from the reputatioryiefding a
limited image quality and sensitivity (compared @CDs), which may be problematic for space applceti
measurement accuracy. But thanks to efforts madbeafoundry level, optimized CMOS photodiode amvadays
available (figure 1). More, they have others adages that make them suitable for space applicatibosess to a
chosen region of interest of the entire array issfile thanks to the random access of pixels. tltiad CMOS image
sensors offers better radiation tolerance (to ingizadiations, but also to protons and heavy itimah) CCDs.
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The effects of non-uniform response (including stakk) on astronomical measurements accuracy hiaeadg been
studied in the case of CCDs [1]. In CMOS sensorssgnce of the transistors area (figure 2) carctffee spatial
response of the pixel which may be crucial for spagplications.
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Figure 1. Schematic cross-section of a photodiode igurg 2. Typical view of CMOS pixels

We had the opportunity to develop sensors usingauin CMOS optimized technology, thus allowing extjpey good
performances for imagery applications. We have madethe same type of pixels, quantum efficienepsstalk and
MTF measurements. This work allows us to bring ame conclusions about the way to optimize pixelssjpace
applications such as astrometry, centroiding arabeny.

2. ASTRONOMICAL MEASUREMENTSACCURACY

2.1. Pixel Response Function

According to the definition of D.Kavaldjiev and 4mi¥ov [2], the Pixel Response Function (PRF) isirdef as the
signal detected by a pixel when this one and itghtrs are scanned by a point source (infiniteBynsanall). So, PRF
is a spatial map of the intra-pixel sensitivity lalgo of the crosstalk. Considering that {$Jy) is the PSF of the optics
(image formed on the detector surface) centerek,gh the pixel (n,m) response s(n,m;x,y) is otal by [3]:

s(n,m;x, y) = PSE)(X, y)DPRF(n,m;x, y)
We remind that the MTF is relied to PRF by :
MTF(v,,v, ) = |FTIPREx, )]

where FT denotes the two-dimensional Fourier Tiansf Ideally, the PRF should be uniform within tpiel
boundaries (i.e. uniform pixel sensitivity) and @eyutside (i.e. no crosstalk). In point of factiriapixel sensitivity
presents variations due to transmittance non-umitgrand collection efficiency spatial variationdore, optical and
diffusion crosstalk yield to a non-zero PRF outdide pixel boundaries, thus having a direct eftectMTF and so on
image quality : the higher is the crosstalk (gelyemacreasing with wavelength), the poorer is M&F.

2.2. Influence of non-uniform PRF on measur ements accuracy
In aperture photometry, the total energy receivechfa star is measured by the summation of thectiatesignal within

an aperture. The aperture photometric signal Sheawritten as the summation of the pixels valuesns( within the
defined aperture :

S=r§n:s(n,m)



The photometric signal dependence on the imagei@osian be quantified by defining a shift ermy, , defined as
the standard deviation of the photometric signaldmalized by the average signal S
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In the case of a uniform PRF, S does not depenith®@image position within the pixel and the photttoeshift error
osnie Will always be zero. However, the positional skeiftor in centroiding computatiomsesiion Will always be greater

than zero, even if the PRF is ideal. The photometnift error is defined as follow :

Gposition = Sth)

where D is the distance between the center codsdir(s,yo) of the input star and the computed centegy{x

D =4lke —xo)* + (Ve ~yo)? with  x :”%“S(n’m)x & vy :Ty”%"S(n’m)y
c 0 c 0 c Zs(n,m) c s on,m

The figures 3 and 4 represent D angsiion Obtained when considering a uniform PRF and asjansnput PSF with a
variable FWHM (full width at the half maximum). Waan see on figure 4 that the error is significanthie case of
undersampled image.
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Figure 3. Error in centroid estimate as functiothaf PSF center Figure 4. Positional shift error as function of FWHor a
for a gaussian PSF and a uniform PRF gaussian PSF and a uniform PRF

Studies have been made on CCD pixels in the cadeonf-side and back-side illumination [2][1]. Byeasuring
precisely the PRF of both types of pixels for sal/@vavelengths, the authors were able to compuweasiironomical
measurement accuracy with these real PRF. They a@mdghem with the results obtained with an idealform) PRF.
Their conclusion is that a non-uniform PRF conti@suto uncertainty in astronomical measurementseMm back-side
illuminated CCD show better performances than atfeide illuminated CCD due to the fact that itsFPR more
uniform. However, in both cases, errors in centgmcthputation increase with wavelengths.

As for CCDs, CMOS PRF are non-uniform and wavelerigpendent. So, we have developed a test chigatedito
intra-pixel sensitivity and crosstalk analysis, bl#o to MTF measurements.



3. CHIP DESCRIPTION

3.1. Overall 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 yieldito a collection efficiency improvement and lomsstalk so good
performances in terms of Modulation Transfer FunctiThe pixels (figure 5) have been designed toonde two metal
layers (M1 and M2) leaving the upper metal layeBjMvailable for light shielding purpose (figure 6)

Figure 5 : Photograph of 2x2 pixels Figure 6 : Bgodph of the chip

Initially, the chip has been designed in order & gasily MTF results. For that we have implemergaechip metal
patterns ; a large metal block emulates the slamtieg pattern for providing MTF data using the 132233
methodology [4]. As only the borders of the metalck are used for MTF measurements, pixels locatéde center of
this block may be used for additional characteidzest Thirteen of them (numbered 1-13 and calletl péxels), have
been kept totally or partially unmasked (figure BY. measuring the quantum efficiency of these gixele can evaluate
the variations of local sensitivity. More, by arehg the responses of their neighbors, an evaluatfdhe contribution
of each part of the pixel to the surrounding pix@tgal (crosstalk) is possible.

Figure 7 : Photograph of the test pixels

The first step of the characterization was to gfatihe M3 optical transmission and the conversiain (CVF) of the

metal-covered pixels. Since the responses of thekedapixels do not show a significant increase wéfjard to the
illumination, we can consider that the optical wmaassion is negligible and even zero. It is thesside to use a
uniform illumination for the crosstalk evaluatidbue to the use of a metal layer sufficiently higliferences between
measured CVF values are negligible so the humergsgionse of each pixel does not need to be cedeaitits own

CVF.



3.2. Test pixelsdescription

For our study, we have focused attention on 3x8lgiernels containing test pixels n°1, n°2 and t@°®°13 (figure 8).
The test pixels n°1 is totally uncovered and maydmesidered as a reference pixel. The transistess af the test pixel
n°2 is totally covered while the pixels n°9 to n°d/@ totally covered except a little part (abouin?uof the transistors

area.

Pixel n°1 Pixel n°2

Pixel n°9 Pixel n°10 Pixel n°11 Pixel n°12 PixellB°

Figure 8 : Photograph of test pixels used for Q& @wosstalk evaluations

4. ELECTRO-OPTICAL MEASUREMENTS

4.1. Quantum efficiency

Measurements of quantum efficiency have been maigwa monochromator. Thus allows us to exploresghectral
range 400-900mn with a 10 nm step. Results obtdmetthe pixels n°1 and n°2 are shown on the fidure
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Figure 9: Transistors area masking influence omtyua efficiency

As expecting with an optimized technology, quantfificiency (QE) results are good. Peak quantunciefficy of the
reference pixel (pixel n°1) is obtained at the wamgth of 560nm (QE x FF = 51%). The sensor alsoafsstrates good



response in blue and red, thus proving really gpedormance in photon transmission and collectifficiency.
Another important conclusion that can be seen esdtturves is the transistors area masking infeiehlee pixel n°2
QE is slightly lower than the pixel n°1 QE ; so gan deduce that carriers are generated in theidtarssarea, diffuse to
the depletion region and participate to the pirsponse.

The contribution to the overall photo-response axdhepart of the transistors area can be comparegkémining the
relative quantum efficiency of pixels n°9 to n°1Results shown in figure 10 demonstrate a very demical
contribution.
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Figure 10 : Transistors area contribution in quanegfficiency

In a first approximation, these differences in texfrguantum efficiency may be explained by the naifermity of the

superficial layers transmittance. Transistors amdains metal lines and transistors and, duegade of silicides, only
parts containing no N diffusion, polysilicon or raktines are really tranmissive. Differences in rgjga collection

efficiencies must also be taken into account tdaxQE differences but this point will be explaiore precisely in the
next part. As a conclusion, the PRF observed insidgixel boundaries is, as for CCD, non-uniform.

4.2. Crosstalk analyzis

Considering a 3x3 pixels kernel with a test pixelts center, only this one can receive illuminati®he surrounding
pixels are called according to their position wigspect to the central one (figure 11).

Pixels totally
masked

Pixel partially
unmasked

Figure 11 : Denomination of the pixels for crodsttdy

We measure the signal with regard to the sourcénkamee for each pixel of the kernels, and calculageratio 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 representédeoiigures 12 and 13.
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Figure 12 : Block response at 500nm Figure 13 : Blesponse at 800nm

Significant signal is only obtained on the surromgdpixels. As can be seen, crosstalk increasds thi# wavelength

and seems to be asymmetrical. The figure 14 showr® mrecisely the wavelength dependence and tlfierefices
between the pixel responses.
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Figure 14 : Crosstalk evaluation on the pixel bloclvhich the central pixel is totally unmasked

We can notice that the values measured on the \&-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 clearlgeang asymmetric.

Similar quasi-linear trends have already been fdupdimulation and measurements on CCD test stegtib] as on
CMOS pixels [6] by photocurrent calculations. Thkist work showed also evident differences betweesastalk values

depending on the diffusion direction. Measurementsie on four CMOS image sensors (including two cencial
sensors) revealed an equivalent asymmetry [7].



It is now interesting to wonder why, while the d#fon phenomenon is isotropic, the crosstalk damsshow a
symmetry. The study of pixel kernels n°9 to n°l3uldoallow us to get a better knowledge of transsstarea
participation to crosstalk, and more particuladythe relative response of the S-pixel (figure 15).
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Figure 15 : Relative response of the S-pixel withard to the central one on which only a part aigistors area is uncovered

In pixel blocks n°10 to n°13, the S-pixel respomsdigher than the one of the central pixel forwévelengths. By
analyzing the pixel layout, it seems that the gaoimeepartition of areas containing only Field @xi(no metal lines,
no transistors) could explain the differences wsstalk values.

4.3. Modulation transfer function

Modulation Transfer Function measurements have lneatle using the slanted-edge pattern implementéigeathip
level. Results have been validated by sine tangeséanted-edge target measurements [8].

Figures 16 and 17 show the MTF in the row and taron direction, measured for four wavelengths leetav500nm
and 800nm. The integration MTFs, calculated applyrtwo-dimensional Fast Fourier Transform to thetpsensitive
area shape [9], are also shown.
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Figure 16 : MTF in the row direction (X) Figure 1K TF in the column direction (Y)

The photosensitive area is of course smaller tharpixel. Thus explains that the MTF cutoff freqexeiis higher than
the sampling frequency. The photosensitive areaah@stangular shape, larger in the row directi@ntin the column



one. So, the Y MTF must theoretically be bettentlide X MTF. The following table presents valuesadoted at the
Nyquist frequency (half the sampling frequency)tfoe integration and the measured MTFs.

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 Y MTF is better than the X onee @én notice that measured MTFs are very closketontegration
MTF, particularly in the row (X) direction. Higherosstalk values obtained in the column (Y) dietitan explain the
larger difference between integration and meashf€H.

Spotscan measurements allow us to confirm thasphéal photoresponse contribution do match thegsemsitive area
shape. They have been made with an optical spau{ab.5um diameter at 500nm) obtained using a psonirce

associated with a microscope objective. The figlBepresents measurements made in the horizontathendertical

direction.
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Figure 18 : Spotscan measurements on the 13umpgakeh(500nm)

The 3-um annotated on the figure corresponds talimension of the transistors area in the Y dimttiThe edges
sharpness allows us to confirm that the integraltidr, only taking in consideration the photosensitarea shape, is a
good approximation of the sensor MTF at short warvgihs.

5. SOLUTIONSFOR MEASUREMENT ACCURACY ENHANCEMENT

The pixel organization studied yields to a non-syatrinal crosstalk in the column direction. This niyproblematic in
centroiding and imagery applications. More, the pbicated form of the PRF due to the transistora amplies that :

PRAx,y) # PRAx)x PRHY)



In others terms, considering the figure 18, the RPRfined in the Y direction for example is depeagdon the exact
position of the spot in the X direction. Thus yielglito :

{MTFE\/X; # THPRAx)]

MTEW, ) = THPRAY)] and MTF(vx.vy)# MTF{v, )x MTF(y, )

Thus yields to difficulties in measurements to et 2D MTF. The simplest solution is to apply the Eourier
Transform to the PRF but this one must be corresaiypled with a very small spot to give correct M€Bults. More,
for easiest image deconvolution process, it isguedfle to have a symmetrical PRF, thus impliegadtla symmetrical

crosstalk.
5.1. Transistors area masking

In order to quantify the participation of the eatiransistors area to the crosstalk, we study ltieklzontaining the pixel
n°2 (transistors area totally covered by the uppetal layer). Figure 19 shows the responses opitkeds surrounding

the pixel n°2.
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Figure 19 : Crosstalk evaluation on the pixel bloclhich the central pixel transistors area isltptaasked

While the crosstalk values are unchanged in thézdwtal direction (W-pixel and E-pixel), transistoarea masking

reduces crosstalk calculated on the S-pixel. Muedyes obtained for the S-pixel and the N-pixel #re same so
crosstalk is now symmetric.

Masking the pixels transistors area seems to breat golution for obtaining a symmetrical cross{@tk each direction)
and lower values. As crosstalk is reduced, the Nfaticularly the column MTF) is increased, thuslging to a better
accuracy for imaging applications. In order to fyedrosstalk reduction and symmetrization influeree centroiding
applications, we have calculated the error in @ihtestimate with regard to the position of thetsfgaussian input,
FWHM = 1 pixel). Three configurations have beendus¢he first with zero crosstalk, the second wilith crosstalk

values measured on pixels kernel n°1 (at 800nmjtlaadhast with crosstalk values of kernel n°2 @®®m). Results are
shown in figure 20.
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Figure 20 : Influence of crosstalk reduction anchsyetrization on centroid estimation

As can be seen, the most important error in cahtestimate is obtained for the kernel n°1, i.e. nvbesstalk is non-
symmetrical. The positionnal shift errag.siion is @bout 0.0057 pixel for kernel n°1 when it idyoabout 0.0025 pixel

for zero crosstalk. Masking active area allows itad Gposiion = 0.0029 pixel, so nearly the results obtainedhwiéro
crosstalk.

We can also imagine the systematic masking of amy @f the pixel which is not designed to be phetsstive. This
solution has already been studied for interline GEID] and for CMOS pixels [11][12]. We can expantadditionnal
reduction of crosstalk, which may yield to bettecaacy measurements.

In our case, as shown previously in figure 9, magkine transistors area does not affect severdgctathe pixel
guantum efficiency so the signal to noise ratio R3Mill not be very affected. However, this paraemehust be taken
into account when using a technology for which distors area participation to the pixel signal mrensignificant [13].
In this particular case, masking may reduce acguraterms of aperture photometry measurements.

5.2. Layout optimization

The general pixel organization must be chosen wtfard to the applications. Three pixel design®igdensitive area
shapes) are commonly used : square, rectangularsbaped. For a given pixel pitch, the L-shapedebienerally
allows to reach a higher fill-factor than the sguand the rectangular shaped pixel. So it may kaletter quantum
efficiency. However, due to their more regular shajine two others design would be easier to us& ¢entroiding
algorithm.

In an attempt to reduce and symmetrize crosstailevgineserving the transistors area capacity tegrate the incident
light and so the SNR, the pixel layout can be ojz&ém. We have seen that the geometry of the trimsiarea (so the
transistors and metal lines repartition) may exmdithe dissymmetry of the crosstalk map. The desites do not
allow to place elements anywhere in the transisawes. However, it is possible to tend towards aimization of

remaining naked areas initially situated in thesel@roximity of the neighbor pixel or a symmetii@aatof crosstalk
through appropriate design organization.

6. CONCLUSION

This work allows us to bring up the transistorsagparticipation to pixel response (quantum effici@rand to crosstalk.
Thanks to an optimized technology, collection edficy of the photodiode is clearly better than thee of the
transistors area. Due to this fact, participatibthe active area to pixel response is limited #redphotosensitive area
shape is preponderant in PRF. So, the sensor Mit be&valuated by integration MTF at short wavelesg



Crosstalk varies quasi-linearly with wavelength prgsents a dissymmetry mostly due to transist@a arganization,
degrading measurements accuracy in imagery andogging applications. Masking transistors area appeas a good
solution to reduce crosstalk by recovering a symyrextd without an important loss in quantum efficig. However, in
order to keep the photosensitive capability of tfamsistors area for photometry applications, ityrba possible to
optimize the pixel layout and particularly the tsestors area.
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