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Abstract

The �rst imagesensorwith submicronpixel pitch is reported.
Teststructurescomprising16� 16 pixel Full-Frame-Transfer
(FFT) CCDswith 0:5� m pixelsarefabricatedin a single-poly
110nmCMOS process.Characterizationresultsdemonstrate
charge transferef�ciency of 99.9%, QE of 48% at 550nm,
conversiongain of 193� V/e-, well capacityof 3550e-, dark
currentof 50e-/secwith nonuniformityof 25%, peakSNR of
28dBanddynamicrangeof 60dB. Theseperformancemetrics
arewithin the rangeof consumerimagesensorsandsuggest
that further reductionin pixel size is feasible.

Intr oduction

Pixel scalingin imagesensorshasaimedat increasingspatial
resolutionfor agivenopticalformat.As pixel sizeis approach-
ing the limits of conventional optics, the improvement in
resolutionis diminishing.Scalingpixels beyond theselimits,
however, canprovide new imagingcapabilitiesbeyondmerely
attemptingto increaseresolution.In [1], we show thata multi-
apertureimage sensorcomprisinga 2D array of apertures,
eachhaving its own opticsandsmall submicron-pixel image
sensor, can simultaneouslycaptureboth a 2D image and a
depthmapof thescene.We furtherarguethatdepthresolution
improves with pixel scaling.The generalidea is as follows.
Each feature in the sceneis capturedby several apertures.
Changingthe depthof a featurecausesdisplacementsin their
positionswithin theapertures.Depthcanthenbeinferredfrom
thesedisplacements.As discussedin [1], displacementscanbe
measuredat higher resolutionthan the typical spot-sizelimit
of the objective lens. Deeply scaledpixels can also enable
high resolution near-�eld imaging for such applicationsas
microscopy and in vivo imaging [2].

This paperpresentsthe designand characterizationof the
�rst submicronpixel imagesensor. The reported0:5� m pixel
pitch is 3 times smaller than recently publishedCCD and
CMOS image sensors[3], [4]. To characterizeour design,
we fabricatedtest structurescomprisingarraysof 16 � 16,
0:5� m pixel Full-Frame-Transfer (FFT) CCDs, each with
sourcefollower readoutcircuit, in 110nmsingle-polyCMOS.
We �rst discussthe design,fabrication,and operationof the
imagesensor, andthenpresentsimulationandcharacterization
resultsof the teststructures.

Design,Fabrication, and Operation

We choosean FFT-CCD architectureto achieve both high
optical coverageand large well capacity for deeply scaled
pixels and implementthe imagesensorin CMOS to enable
fastmulti-aperturesensorreadoutandtheintegrationof analog

anddigital circuits.The FFT-CCD imagesensorconsistsof a
CCD pixel array, a CCD storagearray, a horizontalCCD, and
a sourcefollower readoutcircuit (seeFig. 1). The pixel array
usesno metal layers to achieve maximum light sensitivity,
while the restof the imagesensoris light shieldedby several
metal layers that are also used to distribute global control
signals.

The image sensoris designedand fabricatedin a 110nm
CMOS Image Sensor(CIS) process.Fig. 2 shows an SEM
of the imagesensor. Fig. 3 shows a 4� 4 sectionof the pixel
arrayandFig. 4 shows SEM cross-sectionsin bothdirections.
Eachpixel consistsof a singlepoly electrode,a channel,and
a channelstop. The poly is N+ patterndopedwith the S/D
implantmaskedout in betweenelectrodes.No silicide is used
in the pixel array area.STI is usedas a channelstop in the
vertical direction. An SEM of the horizontal CCD with the
�ll-and-spill input, the �oating diffusion for charge to voltage
conversion,and the resetgateareshown in Fig. 7. The reset
gateis N+ dopedwith channelimplant for 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(asopposedto
the morecommonphasedtransfer)is used.An imagecanbe
capturedby integrating photocharge undereachelectrodeor
underevery otherelectrodefor interlacedoperation.In either
case, integration begins by depleting the CCDs of charge
via transfer to the upper diffusion V0. During integration,
the pixel arrayelectrodesareheld at an intermediatevoltage
Vstore . At the end of integration, the accumulatedcharge is
ripple transferredrow-by-row to thestoragearray(seeFig. 5).
The electrodesbetweenthe row of pixels to be readandtheir
storagerow are �rst set to a high voltageVtransfer and then
the charge is shifteddown onerow at a time by sequentially
applyinga negative voltageVisolate to eachelectrode.

After transferringthe charge from the pixel array to the
frame buffer, the transfer through the horizontal CCD is
performedin even and odd phases.While the even columns
areloadedinto the horizontalCCD, it is essentialto preserve
the charge in the odd columns.A simulationof this process
is shown in Fig. 6. The charge in the columnsunderV34 is
shifted to V35 (steps1 and 2 in the �gure). The horizontal
electrodesare initially held at Visolate to keep all charge
underV35. Then, the even horizontalelectrodesare brought
to Vtransfer , which forces the even column charge to drain
into the horizontalCCD (step3). Potentialbarriersbetween
theevenhorizontalelectrodesareenforcedby holdingtheodd



electrodesatVisolate , while theSTI regionunderthehorizontal
electrodes(shown in the �gure) provides the isolation along
thehorizontalaxis.Next, V34 is broughtto Vstore andapartial
transferoccursat the odd columnsfrom V35 to V34 (step
4). A full charge transfer is now forced in both directions
by slowly dropping V35 to Visolate (step 5). This transfer
mechanismrelieson theconditionthat the fringing �eld from
horizontalelectrodesremainlarger than that from V34. This
condition is satis�ed by bringing V34 up to Vstore at the
sametime that V35 is dropping to Visolate . Once charge is
completelytransferedto thehorizontalCCD, V34 is setclose
to Vtransfer to ensurethat all odd columncharge is ef�ciently
passedbackwards(step6). Next, eachchargein thehorizontal
CCD is ripple shiftedto the�oating diffusionnodewhereit is
bufferedanddoublesampledusinga sourcefollower circuit.
This procedureis repeatedfor theremainingchargein theodd
columnscon�ned by the V34 electrode.

Simulation and Measurement Results

Simulatedsurfacepotentialsalong the channelundervarious
conditions are shown in Fig. 8. Applying Vstore = 0.5V
createspotentialbarriersof 0.3V betweenelectrodes,which
facilitatescharge con�nement under eachelectrode.During
charge transfer, these barriers are overcome by applying
Vtransfer = 1.5V to thereceiving electrodeandVisolate = -0.5V
to the electrodewith charge. While thesebarriers provide
single electrodecon�nement, the well capacityis limited to
less than 500e- before smear. Operationof the array using
evenandodd�elds with Visolate appliedbetweentheeven/odd
electrodesduring integration increasesthe well capacityby
nearly 10 fold. As such, this two-�eld approachis used in
all reportedmeasurements.We 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 plots theelectrondensityunder
electrodesfor charge inducedat 0.5� m and2.0� m, resulting
in 85% and 20% collection at the intendedcenterelectrode,
respectively. Theseresultsshow theneedto improvecross-talk
at longerwavelengths.

Electrical characterizationis performedby loading charge
patternsinto the horizontal shift register through VP. The
conversiongain is obtainedby measuringthevarianceof dark
shotnoiseon the �oating diffusion.Charge transferef�ciency
(CTE) is measuredby moving charge packetsthroughall the
columnsof the vertical array via the horizontalCCD. Noise
from the �ll-and-spill operationis removed by averagingand
the total transfertimesarekept short to eliminatecorruption
from dark current.Fig. 10 plots measuredcharge versusthe
numberof transfers,which shows CTE of 99.9%. The results
of optical characterizationare given in Fig. 11-12.Note that
despitethe useof poly electrodes,the blue responseis quite
acceptable.This is dueto the thin thepoly layerandtheopen
spacein betweeneachelectrode.Table I provides measured
sensorimagingcharacteristics.

Conclusion

The �rst submicronpixel imagesensoris reported.Charac-
terization results show promising performance.While dark
currentis comparableto thatof 3T CMOSAPSimagesensors,
it is higher than that of state-of-the-art4T CMOS APS. This
is dueto the storageandtransferof charge alongthe Si/SiO2

interface.Lowerdarkcurrentmaybeachievableusingchannel
and stop implants.While the crosstalkis acceptableat short
wavelengths,processmodi�cations suchas the addition of a
gradedepi region mayhelpto improve it at long wavelengths.
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Fig. 1. FFT-CCD image sensorschematic.Actual test structuresize is
16 � 16.
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Fig. 2. A view of the fabricatedteststructuresshowing themetal
openingon top of the 16 � 16 imagesensoractive area.
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Fig. 3. A view of a4� 4 portionof thepixel arrayshowing pattern-
dopedpoly andSTI channelstopsandcritical device dimensions.
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Fig. 4. SEM cross-sectioninto channel(top), andalongchannel
(bottom).
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Fig. 5. Illustration of ripple charge transfer, which is usedfor
both horizontaland vertical readout.Charge storedat every other
electrodeis shown here.
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Fig. 6. Detailsof the vertical to horizontaltransfer. (a) Transfer
from row 34, column 0 to H0. (b) Effect on charge at column 1.
(c) Final potentialpro®le for column0. (d) Final potentialpro®le
for column1.
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Fig. 7. SEM of full 16-stagehorizontalCCD showing ®ll/spill input for electricaltesting,¯oating diffusion for output charge to voltageconversion,and
the resetgate.
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Fig. 8. Simulationsof surfacepotentialusingelectrodevoltages
Vstore = 0.5V, Vtransfer = 1.5V, and Visolate = -0.5V. Plot (a)
shows the barrier potentialsbetweenelectrodeswith bias Vstore .
Plot (b) shows the removal of the barrierwith biasVtransfer . Plot
(c) shows the isolationconditionusingVisolate .
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Fig. 9. Simulationof 500e-hpairs inducedin the bulk at various
depths.(a) Initial chargedensityshown 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.
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Fig. 10. Measuredelectronsversusthe numberof transfersfor
3000e- packets. The slope over the small range shows CTE of
99.9%.
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Fig. 11. Photontransfercurve at 1/30 secondexposureshowing
readnoiseof 3.7e-andPRNU limitation at high illumination.
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Fig. 12. MeasuredQEat5nmintervalsshowing strongestresponse
at 650nm.The responsein theblue region is reasonabledueto the
65% poly coverageof the active pixel area.

Parameter Value Remarks
Well capacity 3550e- Interlaced
ConversionGain 193� V/e-
Responsivity 480e-/lux-s At 550nm
ReadNoise 3.7e-rms
Dark Current 50e-/sec 3.22nA/cm2

DSNU 25%
PRNU 5.8%
DynamicRange 60dB 961:1
PeakSNR 28dB 25:1

Table I. Measuredsensorcharacteristicsat room temperature.


