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Abstract

The rst imagesensomwith submicronpixel pitch is reported.
Teststructurescomprisingl6 16 pixel Full-Frame-Tansfer
(FFT) CCDswith 0:5 m pixelsarefabricatedn a single-poly
110nm CMOS process.Characterizatiorresultsdemonstrate
chage transferef ciency of 99.9% QE of 48% at 550nm,
conversiongain of 193 V/e-, well capacityof 3550e; dark
currentof 50e/secwith nonuniformity of 25% peakSNR of
28dBanddynamicrangeof 60dB. Theseperformancenetrics
are within the rangeof consumerimage sensorsand suggest
that further reductionin pixel sizeis feasible.

Intr oduction

Pixel scalingin imagesensordiasaimedat increasingspatial
resolutionfor agivenopticalformat.As pixel sizeis approach-
ing the limits of corventional optics, the improvementin
resolutionis diminishing. Scaling pixels beyond theselimits,
however, canprovide new imagingcapabilitiesbeyond merely
attemptingto increaseesolution.n [1], we shav thata multi-
apertureimage sensorcomprisinga 2D array of apertures,
eachhaving its own optics and small submicron-piel image
sensor can simultaneouslycaptureboth a 2D image and a
depthmapof the sceneWe furtherarguethatdepthresolution
improves with pixel scaling. The generalideais as follows.
Each featurein the sceneis capturedby several apertures.
Changingthe depthof a featurecauseslisplacement# their
positionswithin theaperturesDepthcanthenbeinferredfrom
thesedisplacementss discussedn [1], displacementsanbe
measuredat higher resolutionthanthe typical spot-sizelimit
of the objective lens. Deeply scaledpixels can also enable
high resolution near eld imaging for such applicationsas
microscoly andin vivo imaging[2].

This paperpresentghe designand characterizatiorof the
rst submicronpixel imagesensarThe reported0:5 m pixel
pitch is 3 times smaller than recently published CCD and
CMOS image sensors[3], [4]. To characterizeour design,
we fabricatedtest structurescomprisingarraysof 16 16,
0:5 m pixel Full-Frame-Tansfer (FFT) CCDs, each with
sourcefollower readoutcircuit, in 110nmsingle-polyCMOS.
We rst discussthe design,fabrication,and operationof the
imagesensorandthenpresensimulationandcharacterization
resultsof the teststructures.

Design, Fabrication, and Operation

We choosean FFT-CCD architectureto achieze both high
optical coverageand large well capacity for deeply scaled
pixels and implementthe image sensorin CMOS to enable
fastmulti-aperturesensoreadoutandtheintegrationof analog

anddigital circuits. The FFT-CCD imagesensorconsistsof a
CCD pixel array a CCD storagearray a horizontal CCD, and
a sourcefollower readoutcircuit (seeFig. 1). The pixel array
usesno metal layersto achieve maximum light sensitvity,
while the restof the imagesensoiis light shieldedby several
metal layers that are also usedto distribute global control
signals.

The image sensoris designedand fabricatedin a 110nm
CMOS Image Sensor(CIS) process.Fig. 2 shavs an SEM
of theimagesensorFig. 3 shavs a4 4 sectionof the pixel
arrayandFig. 4 shavs SEM cross-sections bothdirections.
Eachpixel consistsof a single poly electrode a channel,and
a channelstop. The poly is N+ patterndopedwith the S/D
implantmasled out in betweerelectrodesNo silicide is used
in the pixel array area.STI is usedas a channelstopin the
vertical direction. An SEM of the horizontal CCD with the
[l-and-spill input, the oating diffusionfor chage to voltage
conversion,andthe resetgate are shovn in Fig. 7. The reset
gateis N+ dopedwith channelimplantfor negative threshold
voltage.

The FFT-CCD performs snap shot imaging using global
electronic shutter The capture of a frame can occur si-
multaneouslywith the read out of a previous frame. To
minimize pixel pitch, ripple transferoperation(as opposedo
the more commonphasedransfer)is used.An imagecanbe
capturedby integrating photochage undereachelectrodeor
underevery other electrodefor interlacedoperation.In either
case, integration begins by depletingthe CCDs of chage
via transferto the upper diffusion V0. During integration,
the pixel array electrodesare held at an intermediatevoltage
Vstore - At the end of integration, the accumulatedchage is
ripple transferredow-by-row to the storagearray(seeFig. 5).
The electrodesetweenthe row of pixelsto be readandtheir
storagerow are rst setto a high voltage Viyansier andthen
the chage is shifted down onerow at a time by sequentially
applying a negative voltageVisoiate t0 €achelectrode.

After transferringthe chage from the pixel array to the
frame buffer, the transfer through the horizontal CCD is
performedin even and odd phasesWhile the even columns
areloadedinto the horizontal CCD, it is essentiato presere
the chage in the odd columns.A simulationof this process
is shawvn in Fig. 6. The chage in the columnsunderV34 is
shiftedto V35 (stepsl and 2 in the gure). The horizontal
electrodesare initially held at Visgate to keep all chage
underV35. Then, the even horizontal electrodesare brought
to Viransfer » Which forces the even column chage to drain
into the horizontal CCD (step 3). Potentialbarriersbetween
theevenhorizontalelectrodesreenforcedby holdingthe odd



electrodest Visolate , While the STI region underthe horizontal
electrodeqshavn in the gure) providesthe isolation along
thehorizontalaxis.Next, V34 is broughtto Vsiore andapartial
transferoccursat the odd columnsfrom V35 to V34 (step
4). A full chage transferis now forced in both directions
by slowly dropping V35 t0 Visolate (Step 5). This transfer
mechanisnrelieson the conditionthatthe fringing eld from
horizontalelectrodesemainlarger thanthat from V34. This
condition is satis ed by bringing V34 up to Vsore at the
sametime that V35 is droppingto Visoate - Once chage is
completelytransferedo the horizontal CCD, V34 is setclose
to Viranster 10 ensurethatall odd columnchage is ef ciently

passedackwards(step6). Next, eachchagein the horizontal
CCDis ripple shiftedto the oating diffusionnodewhereit is
buffered and double sampledusing a sourcefollower circuit.
This procedurds repeatedor theremainingchagein the odd
columnscon ned by the V34 electrode.

Simulation and Measurement Results

Simulatedsurface potentialsalong the channelundervarious
conditions are shavn in Fig. 8. Applying Vsre = 0.5V

createspotential barriersof 0.3V betweenelectrodeswhich

facilitates chage con nement under each electrode.During

chage transfer these barriers are overcome by applying
Vianster = 1.5V to thereceving electrodeandVisgjate = -0.5V

to the electrodewith chage. While these barriers provide
single electrodecon nement, the well capacityis limited to

less than 500e- before smear Operationof the array using
evenandodd elds with Visoiate appliedbetweerthe even/odd
electrodesduring integration increaseshe well capacity by

nearly 10 fold. As such, this two- eld approachis usedin

all reported measurementsWe also simulated the amount
of cross-talk betweenneighboring pixels due to drift and
diffusion in the bulk by inducing 500e-hpairs in the bulk

with transientanalysis.Fig. 9 plotsthe electrondensityunder
electrodedor chage inducedat 0.5 m and2.0 m, resulting
in 85% and 20% collection at the intendedcenterelectrode,
respectrely. Theseresultsshav the needto improve cross-talk
at longerwavelengths.

Electrical characterizations performedby loading chage
patternsinto the horizontal shift register through VP. The
conversiongain is obtainedby measuringhe varianceof dark
shotnoiseon the oating diffusion. Chage transferef ciency
(CTE) is measuredy maoving chage pacletsthroughall the
columnsof the vertical array via the horizontal CCD. Noise
from the ll-and-spill operationis removed by averagingand
the total transfertimes are kept shortto eliminatecorruption
from dark current.Fig. 10 plots measurecchage versusthe
numberof transferswhich shavs CTE of 99.9% Theresults
of optical characterizatiorare given in Fig. 11-12. Note that
despitethe useof poly electrodesthe blue responséas quite
acceptableThis is dueto thethin the poly layerandthe open
spacein betweeneachelectrode.Table | provides measured
sensofimaging characteristics.

Conclusion

The rst submicronpixel image sensoris reported.Charac-
terization results shav promising performance While dark
currentis comparableo thatof 3T CMOSAPSimagesensors,
it is higherthanthat of state-of-the-ardT CMOS APS. This
is dueto the storageandtransferof chage alongthe Si/SiO,
interface.Lower darkcurrentmaybeachiezableusingchannel
and stop implants. While the crosstalkis acceptableat short
wavelengths processmodi cations suchasthe addition of a
gradedepiregion may helpto improve it atlong wavelengths.
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ig. 1. FFT-CCD image sensorschematic.Actual test structuresize is
16 16.
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Fig. 2. A view of the fabricatedteststructuresshaving the metal

openingon top of the 16 16 imagesensoractive area. — M
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Fig. 5. lllustration of ripple chage transfer which is usedfor

both horizontaland vertical readout.Chage storedat every other
electrodeis shavn here.
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Fig.3. Aviewofa4 4 portionof thepixel arrayshawving pattern-
dopedpoly and STI channelstopsand critical device dimensions.

® fIlw/ I S
)] {T N

@] T e
@] T e
e T

®) ] _ T T
I (@) (b)

(d)
Fig. 6. Detailsof the vertical to horizontaltransfer (a) Transfer
from row 34, columnO to HO. (b) Effect on chage at column 1.
Fig. 4. SEM cross-sectioninto channel(top), and along channel (c) Final potentialpro®le for column 0. (d) Final potentialpro®le
(bottom). for column1.
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Fig. 7. SEM of full 16-stagehorizontal CCD shawing ®II/spill input for electricaltesting, oating diffusion for output chage to voltage cornversion,and
the resetgate.
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Fig. 8. Simulationsof surface potentialusing electrodevoltages
Vstore = 0.5V, Vianster = 1.5V, and Vigolate = -0.5V. Plot (a)
shaws the barrier potentialsbetweenelectrodeswith bias Vstore -
Plot (b) shavs the removal of the barrierwith biasViansrer - Plot
(c) shaws the isolation condition using Visojate -
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Fig. 9. Simulationof 500e-hpairsinducedin the bulk at various
depths.(a) Initial chage densityshownn for depthof 0.5 m. After
50ns, the electrondensity is measuredunder eachelectrode.(b)
Distribution for 0.5 m depth.(c) Distribution for 2.0 m depth.

Fig. 10. Measuredelectronsversusthe numberof transfersfor
3000e- paclets. The slope over the small range shavs CTE of

99.9%

Fig. 11. Photontransfercurve at 1/30 secondexposureshaving

readnoiseof 3.7e-and PRNU limitation at high illumination.

Fig.12. Measured)E at5nmintervalsshaving strongestesponse
at 650nm.The responseén the blue region is reasonablelueto the
65% poly coverageof the active pixel area.

Parameter Value Remarks
Well capacity 3550e- | Interlaced
CorversionGain | 193 V/e-

Responsiity 480eflux-s | At 550nm
ReadNoise 3.7e-rms

Dark Current 50e/sec | 3.22nAlcn?
DSNU 25%

PRNU 5.8%

Dynamic Range 60dB 961:1
PeakSNR 28dB 25:1

Tablel. Measuredsensorcharacteristic&t room temperature.




