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Abstract of charge storage during the integration time and in the
Three types of submicron CCDs are implemented in singléequencing of the electrodes during charge transfer. Our
poly 0.11um CMOS technology to demonstrate the feasibilitpurface-channel design at @rb pixel pitch was first reported
of multi-aperture imaging systems that produce data frotf [2]. We used the buried-channel CCD design in a multi-
distributed arrays of CCDs integrated across a monolith@Perture image sensor reported in [3]. A new pinned phase
substrate. Test structures comprisiig x 16 pixel Frame- buried-channel design is implemented to improve both dark
Transfer (FT)-CCDs with).5 — 0.7um pixels are fabricated current and charge transfer efficiency. We use the poly gap
under various process conditions to implement devices hvhitegion as an area for self-aligned implantation to create
operate as surface-channel, buried-channel and pinneskepHgarriers that allow for inversion of the channel during the
buried-channel. Ripple charge transfer and single eldetrointegration period. To characterize our designs, we faieid

charge confinement are implemented to minimize pixel pitckgst structures comprising arrays 1 x 16, pixel FT-CCDs,
Introduction each with source follower readout. We first discuss the aesig

. . . i : . fabrication, and operation of the image sensor, and then

As pixel size is approaching the limits of conventional ogti : . N
. . X Lo . . _present simulation and characterization results.
improvements in resolution are diminishing. Scaling péxel . o .
beyond these limits, however, can provide new imaging Design, Fabrication, and Operation
capabilities beyond merely attempting to increase spatle use an FT-CCD architecture to minimize pixel pitch and
resolution. In [1], we describe a multi-aperture approach to eliminate metal layers in the active imaging area. We
imaging, whereby the image sensor is partitioned into anake the format of each sensor approximately equal to the
array of apertures, each with its own local subarray of gixetlielectric stack height, which enables /1 scale apertfwes
and image-forming optics. A real image is focused a certaitigh sensitivity. We take advantage of the fact that the ienag
distance above the sensor such that the apertures captagture is a distributed process by partitioning the swulyarr
overlapping views of the scene. The subimages are postto regions of high fill factor and occlusion free optical
processed to obtain both a high resolution 2D image apaths. Implementing the CCDs in CMOS enables fast multi-
a depth map. A key feature of this design is in the usmray readout along with the integration of analog and digit
of submicron pixels to obtain accurate depth measuremeniguits. Each test structure consists of a pixel arraypsasfe
derived from the localization of features within adjacerrray, a horizontal (H)-CCD, and a source follower readout
subarrays. Other benefits of this configuration include thercuit (see Fig. 1). The storage array is covered by metal
ability to image objects at close proximity to the sensdayers that are also used to distribute global control li(ze®
without the need for objective optics, achieve nearly catel Fig. 2). A photomicrograph is shown in Fig. 3. Each pixel
color separation through a per-aperture color filter arralgx  consists of a single poly electrode, a channel, and a channel
the requirements on the camera objective optics, and isereatop. The channels and stops for the surface-channel device
the tolerance to defective pixels. The architecture is alswe shown in Fig. 4. The electrodes are patterned with non-
highly scalable, making it possible to increase pixel ceunsilicided polysilicon as shown in Fig. 5. Each pixel array is
well beyond current levels. separated by a wall of 4 metal layers. The first 2 metal layers

Building submicron CMOS pixels with acceptable imagingre shown in Fig. 6.
performance at wide apertures is challenging because of thén all designs, the polysilicon is doped by masking out
high dielectric stack height and optical occlusions résglt the channels as shown in Fig. 7. The resolution of the S/D
from the use of metal layers in the pixel. It has recentlymplant masks were the limiting factor in scaling beyond
become possible to implement deeply scaled CCD pixels 0bum pixel pitch at this process node. We expect that it
modern CMOS due to the narrow poly gap spacing. This possible to pre-dope the polysilicon before etch to scale
eliminates the need for processing multi-layer polysiticothe pixel size further. The polysilicon for the surface-chel
and allows for electrode widths roughly equal to the gagevice is doped N+ and the buried-channel designs are doped
spacing, which increases the effective quantum efficiendy+ to shift the workfunction closer to the operating range
Since the poly gap region normally creates either a pockat oof CMOS circuits. The 10s on the test chip were designed
barrier, we make use of this feature to achieve single eldetr to allow both positive and negative voltage sequencing. SEM
charge confinement. The need for anti-blooming and higimages for each cross section of the surface-channel device
charge transfer efficiency are relaxed by the multi-apertuare shown in Fig. 8 and Fig. 9. An electrode spacing of 180nm
architecture where smaller subarrays are distributedajlpb was used in all designs. The polysilicon is 130nm thick with

This paper presents the design and characterization ofy&@te oxide of 8nm. The channel stop for the surface-channel
types of CCD structures implemented in Qubi CMOS tech- device is Shallow Trench Isolation (STI). The channel stop
nology: surface-channel, buried-channel, and pinned ghder the buried-channel is formed by a P-type implant (BF2,
buried-channel. Each CCD structure differs in the locatiorbkeV, 4.0E13/crf). The SEM for the H-CCD with fill-and-



spill input and floating diffusion is shown in Fig. 10. Thedrops to as low as 85%, whereas the buried-channel device
required sequencing for this design is described in [3]. does not degrade under this condition. Although we can
The pinned phase buried-channel design is shown in Fig. deasure the CTE just after attracting the holes to the seirfac
with doping profiles plotted in Fig. 12-13. This design isve cannot operate the buried-channel device in this way
similar to the open-pinned phase CCD described in [4] whediring the integration period because the charge confinemen
the channel is inverted during the integration time. Indteaegion is eliminated as the surface is pinned. Therefore,
of integrating charge under the P-type implant, we integrathe buried-channel device offers little to no benefit ove th
charge under the electrode with an inverted surface. Durisgrface-channel device in terms of dark current perforraanc
the integration time, the entire surface is pinned with gdar For this reason, we implemented the pinned phase buried-
concentration of holes provided by the channel stops, whichannel device that uses an extra implant between each
reduces the dark current at the interface. electrode. This allows the surface to be inverted during
An image is captured by integrating photocharge at eaotfegration and yet still contain the barrier necessary for
electrode or at every other electrode for higher well caacicharge confinement. The barrier potential relative to the
The integration begins by depleting the CCDs of charge vidhannel potential under the electrode is shown in Fig. 1€ Th
transfer to the upper diffusion V0. During integration, th@pplied electrode voltages for V2 and V3 are labeled for each
pixel array electrodes are held at an intermediate voltagese. During the integration cycle, we need the potentidéun
At the end of integration, the accumulated charge is ripptbe electrode to be higher than the barrier potential in orole
transferred row-by-row to the storage array and then into tigonfine the electrons at the electrode. We also require tieat t
H-CCD one pixel at a time until every pixel has been doublgurface potential be low enough to substantially increase t
sampled at the floating diffusion and buffered by the sourdwle concentration. Since the inter-electrode implargso&iP-
follower transistor. type dopant, their potentials are lower than the buried nhhn
under the electrodes even when the electrodes are low enough

] o to pin the surface. This is the case when all electrodes dge he
Simulated potentlal diagrams along the channel (wheréder ty; _1v \We are able to manipulate the barrier potential by
max potgntla] occurs) for'several phases are shown for alirtreasing the potential of the adjacent electrode. WhensV3 i
designs in Fig. 14-16. Single electrode charge confinemeyg: to 3v, the barrier at V2 becomes substantially lower than
is achieved in the surface-channel device due to the barrigse potential under V2, which causes the charge to transfer
created by the poly gap spacing, whereas it is achieved in fagm one electrode to the next.
buried-channel device due to the induced pockets. The @inne The conversion gain for the 0,5m pixel is 193:V/e- and
phase design uses the self-aligned P-type implants aetsarr 65,\/e- for the 0.7um pixel. There is no significant gain
to confine the charge. Although the surface potential is@ihn gjfference between the 3 types of CCDs because the readout
to the channel stop potential, the depleted channel uneer {fynsistors are identical. Despite the use of poly eleespthe
electrode remains at a higher potential. With sufficientegabg s reasonable for short wavelengths as shown in Fig. 18.
voltage, each of the designs overcome the pocket or barrigijs is due to the thin the poly layer and the open space in
that creates the confinement and charge is transferred aw@¥ween each electrode. The dark current is about 35e-/sec
from one region and then packed again at single electrog noth the surface and buried-channel devices (See Fjg. 19
pitch into another. The dark current improves by a factor of 15 for the pinned

Confining charge at every electrode is made possible Bhase device. When operating in the pinned phase mode, the
using ripple charge transfer. Since we build distributetd-suwell capacity cannot be adjusted once the surface is pinned.
arrays at the stack height scale, the overhead of employig used a 4-way split on the n-channel doping profile in order
ripple charge transfer is minimal. One drawback of the €ngto obtain a reasonable range of performance. Only the lower
electrode charge confinement is the reduced well capacity @fpant levels were successful, which may demonstrate some
about 500e-. We show that we can boost the well capacifitations in the achievable well capacity with this apach.
by an order of magnitude by running in an interlaced mode Acknowledgment
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Fig. 1. FT-CCD schematic showing the pixel array, framefig. 2. CAD layout of thel6 x 16 FT-
buffer, H-CCD and follower readout. CCD.

(F:ig'l:)‘l. Channel and channel stops for the FT-rjg 5 pjacement of the polysilicon electrodes. Z;?éyg Metal routing and isolation between
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at the channel region IS protected. along the channel. against the channel stops.

VP (Fill/Spill Input) FD (Floating Diffusion) VP
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Fig. 10. SEM of 16-stage H-CCD showing fill/spill input foreetrical testing, floating diffusion for output chargextoltage conversion, and the reset gate.
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Fig. 14. Potential diagrams for the surface-channel CCDb wiitgle electrode charge confinement during ripple chagester.
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Fig. 15. Potential diagrams for the buried-channel CCDs witigle electrode charge confinement during ripple chargestea
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Fig. 16. Potential diagrams for the pinned phase buried+wflaBCDs with single electrode charge confinement duringleigharge transfer.
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