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Abstract—An image sensor for a video camera of 1000000

frames per second (fps) was developed. The specifications of the 30
developed sensor are as follows: 1) frame rate: 1000000 fps;
2) pixel count: 81120(= 312 x 260) pixels; 3) total number of
successive frames: 103 frames; 4) gray levels: 10 b; and 5) open
area of each pixel (fill factor): 580 square micrometers (13%).
The overwriting function is installed for synchronization of
image capturing with occurrence of the target event. Sensitivity
is significantly high with the large photogate. Some innovative
technologies were introduced to achieve ultrahigh performance, 10 |—
including slanted linear CCD in situ storage, curving design pro-
cedure, and a CCD switch with fewer metal shunting wires. They [I
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are applicable to the development of other new high-performance
image sensors.
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Fig. 1. Temporal tendency on expected frame rate from 1993 to 2000.
I. INTRODUCTION
N 1991, the authors [1] developed a video camera of 458B0ws that, in 1993, the frame rate of 4500 fps satisfied 40% of
frames per second (fps). The maximum frame rate withpotential applications, and 1 000 000 fps covered 95%. During
reduced pixel count was 40500 fps. It was the first high-spe#te seven years from 1993 to 2000, the expected frame rate has
video camera with full digital memory, no mechanical partgradually increased. Currently, the frame rate of 1 000 000 fps
and 16 parallel readout taps. The camera became the defagitisfies 85% of potential applications. The questionnaires pro-
standard high-speed video camera and has been used worldwided useful information about users’ requirements for other
in scientific and engineering applications such as the KODAgerformance indices of high-speed image sensors, such as ex-
HS4540 and Photron FASTCAM. pected consecutive frame numbers, pixel count, and dynamic
Soon after the development of the camera, there were claimage. The specifications of the present sensor were defined on
that the frame rate was insufficient. In 1993, the authors digie basis of the results.
tributed 1000 questionnaires to potential users of high-speedecause it is virtually impossible to achieve 1 000 000 fps by
video cameras in Japan to find out users’ requirements in higheans of parallel readout, a new concept, the “In situ Storage
speed image capturing [2]. In 2000, similar questionnaires wdreage Sensor (ISIS),” was introduced for the development of
distributed to 3000 potential users. One of the results from thevideo camera capable of more than 1000000 fps [3], [4]. A
guestionnaires, the expected frame rate, is shown in Fig. 1ldtal memory is built within or beside each pixel of the ISIS. The
memory size should be sufficiently large to reproduce a moving
Manuscript received April 17, 2002; revised September 9, 2002. The reviéfa9€. _Du”ng an |m§ge capturing 9pera“0”a iImage _s_lgngls gen-
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vertical CCD
Fig. 2. Burstimage sensor; ISIS with the SPS CCD storage [5]. situ storage area. As a result, the number of storage elements

was 30, which was not sufficient to reproduce moving images;
Il. SERIAL-PARALLEL -SERIAL VERSUSSLANTED LINEAR CCD  the pixel count also remained at 19090 pixels due to the

STRUCTURES FORIN STU STORAGE extremely low yield rate. Swaiet al. developed the SPS-CCD
) ISIS with higher frame rate [6], following Kosonocky's original
A. In Situ Steage ImageSensor work [5].

Thein situstorage for ultrahigh-speed image capturing is not
entirely a new idea. Some proposals have been presented for@heSlanted Linear CCD Stage

structure. Simplification of the structure of the situ storage  \1ost previous proposals on the ISIS, including the SPS-CCD
has been the key technology. Timesitu storage is installed in ISIS, employed thén situ storage within a pixel. The simplest

a very small area within or beside a pixel. The simplest strugop strycture is linear, without bends. If the linear CCD is em-
ture minimizes the area of one storage element and maximizgs e as thén situstorage and the number of storage elements
the number of the storage elements installed in a pixel, whichiSficiently large, the linear CCD storage extends outside of
equal to the number of consecutive frames. For a fixed nUMRRE hivel violating the area of neighboring pixels. The basic
of storage elements, the smaller storage elements reduce theéﬁ?ﬁoach in the development of the proposed ISIS was as fol-

of a pixel and increase the number of pixels installed in the linfs- assume the linear COBsitustorage and devise a suitable

ited photo-receptive area of an ISIS. Therefore, a simpler Stﬂf&yout to incorporate the linear CCD structure with other basic

ture increases the number of consecutive frames or the spafidl-tions of the ISIS, such as overwriting function and square

resolution of the sensor. Yield rate and noise level are decrea§%| grid. This was achieved by the introduction of the “slanted
by the simpler structure. linear CCD storage.”

B. Serial-Parallel-Serial CCD Stage

Kosonoskyet al. developed “a burstimage sensor” [5]. They
introduced “Serial-parallel-serial CCD (SPS-CCD)” to the de Structure
sign of thein situstorage. The design was simple and elegant, asA new ISIS structure is proposed. The structure is schemati-
shown in Fig. 2. A drain was installed beside eaxcsitustorage cally explained in Fig. 3. The number of CCD storage elements
for overwriting. The overwriting function is essential for time in the figure is 15 (there are, in fact, 103 such elements). The
situ storage image sensors. Since the number of the storagesehsor employs the four-phase transfer to maintain sufficient
ements is relatively small and the image capturing operationcisarge-handling capacity. The transfer scheme requires a set
very fast, the overwriting drastically eases the synchronizatiof four metal wires. The quasi-two-phase transfer can be ap-
of image capturing with occurrence of the target event. plied by using four electrodes on each CCD element, which

The elegant design, with the SPS-CQD situ storage, increases the frame rate by four times, while sacrificing the
seemed the ultimate ISIS design. However, it had one disharge-handling capacity.
advantage, as pointed out later by the authors, namely thel) Pixel ComponentsThe element structure is basically
two-directional charge transfer. Charge packets are transferoednposed of a large photodiode, a CCD storage extending
horizontally on a horizontal CCD register, vertically on paralldinearly downward from the photodiode, a drain for overwriting
vertical CCD registers, and horizontally again within a srmall at the lower end of the storage, and a CCD switch for the

Il. ISIS WITH SLANTED LINEAR CCD STORAGE
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Fig. 4. Prototype of the ISIS (tfhe packaging is slanted).
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readout operation. The storage area is covered with a metal

light shield.

2) Photogates:High sensitivity is achieved by very large D:I:
photodiodes, compared to the size of a CCD element in the @
linear storage. Membrane electrodes are placed on each photo-
diode. The photodiode, covered with the electrodes, works as a T

photogate. Different voltages are applied to the electrodes on the
photogate, which creates a potential gradient in the photodiode
toward the input gate to the linear CCD storage. The potential ’

gradient increases transfer velocity of electrons in the photo-

gate and, thus, the frame rate. By changing the voltages applied
to the electrodes, electrons accumulated in the photodiode can ‘
be drained to the substrate, which makes possible the compli-
cated electronic shuttering operation required in scientific and
engineering applications. The membrane electrodes covering
the photodiode reduce the amount of blue light reaching the pho-
todiode. The disadvantage is compensated for by the increased 1-4 drained
frame rate and the introduction of the complicated electronic
shuttering operation. The center of a pixel is the center of the
photogate. The pixels are placed on a square grid.

3) Slanted Linear CCD Stage: The linear CCDin situ
storage also consists of a square array, which simplifies the de-
sign of the CCD storage. The slightly slanted alignment of the

!
[TITTITTT]

=

CCD array to the pixel array makes possible that both the pixel
and the CCD storage arrays are square. The one-directional
transfer CCD storage significantly simplifies the structure of ()

the gates and metal wiring within tfe situ storage, compared a5 | i fion. () Recordi o at the first st
. . . ig. 5. Image-capturing operation. (a) Recording operation at the first stage.
to_ the_SPS structure. Thus, the area of ithesitu §torgge IS () Recording/overwriting operation.
minimized and the number of stored consecutive images is
maximized. The simplicity of the structure also contributes _ _ _
to the increased yield and the decreased noise. A photoWﬁrkS as a CCD switch to select the transfer of image signals to
the developed sensor is shown in Fig. 4, in which the chip &"eadout VCCD segment, either from the upper readout VCCD
mounted on a package in a slightly slanted position. The pi@gment or from the upper in situ storage segment. The over-
grid then becomes square when the package is mounted of#ing drain gate functions as a normal transfer CCD element
camera. during a readout operation, following the image capturing oper-
4) Overwriting Drain: An overwriting gate is installed at ation.
the end of each linear CCD storage. The structure is a standard© independently operate the storage CCD and the readout
vertical drain to the substrate. VCCD, four metal wires should be placed on the one VCCD
5) Readout VCCD and CCD Switclor readout, a CCD channel, forming closely spaced adjacent metal wires. The
channel beside each photogate is used as a readout vertical 013!l distance between metal elements significantly reduces
Segment‘ The Segments are connected by small Stepsl Eachtgl%wleld rate. A new structure and associated Operation scheme
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Fig. 6. Operations of two adjacent independently operated CCD channels of
four-phase transfer (six electrodes are placed; two electrodes, Al and A3, are
used in common). (a) Transfer phase. (b) Reservation phase.

are proposed to solve the problem. The proposed scheme
requires only two additional metal wires on the readout VCCD
of the four-phase transfer. The operation scheme is explained
in Section I1I-B2.

B. Operation

1) Image Capturing OperationDuring an image-capturing
operation, image signals generated in the photodiode of a pixel RN |
are recorded in the situ storage, as shown in Fig. 5(a) and ()

(b)'.Th.e recordlqg opergtlon Comlr.]ues n para”?' in all plxel%’ig. 7. Part of the design: beautiful curves are applied: (a) doping and
achieving the ultimate high-speed image capturing. electrodes and (b) electrodes and metal wires.

As shown in Fig. 5(b), overwriting operation continues during
the image-capturing operation, draining old image signals to the
outside of the sensor and keeping a sequence of the latest imafge .
signals in then situ storage, which substantially eases the sy/?! € sensor and reproduced as a moving image. The readout
chronization of image capturing with occurrence of the targ@Peration is as follows.
event in the ultrahigh-speed image capturing. 1) Onlyimage signals stored in the readout VCCD are trans-

2) Readout OperationWhen a target event is detected, the ferred to the HCCD, placed below the photo-receptive
image-capturing operation with overwriting is stopped, and the  area, keeping image signals in tinesitu storage without
past image sequence recorded inithsitu storage is read out transfer. The readout VCCD becomes empty.
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Fig. 8. Optimum shape of a narrowing channel: (a) narrowing CCD channel and (b) logarithmic CCD channel (inverse of the exponential curve).

TABLE |

2) Image signals in the storage are transferred to the empty
DESIGN SPECIFICATION OF THETESTISIS

readout VCCD until it is full. The cyclic operation of 1)
and 2) continues until the storage and the readout VCC

are empty.
Though four-phase transfer is applied to both thesitu —
storage and the readout vertical CCDs, the number of me £x¢1SiZ

wires on the readout VCCD is two, as explained before j Size of CCD Element

Frame Rate 1,000,000 fps (max)
312x260 (= 81,120) pixels
66.3x66.3 microns”

5.1x5.1 microns®

Pixel Count

Section 1lI-A5. The readout operation is achieved by th Fill Factor (Area of Photogate)

13 % (580 microns?)

scheme shown in Fig. 6. Number of Stored Image

103 frames

The linear CCD storage is operated with a set of four eler charge Handling Capacity

25,000 electrons

trodes, A1, A2, A3, and A4, while the readout VCCD is Oper Grey Level

10 bits

ated with A1, B2, A3, and B4. Two of four electrodes, A1 ant gy writing Drain

Installed

A3, work in common, and two additional electrodes, B2 and B«
are placed on the readout VCCD, instead of A2 and A4.

Transfer Scheme

4-phase transfer
(Quasi 2-phase transfer for HCCD)

0-5°C (Cooled by Peltier Device)

Transfer voltage patterns for A1 and A3 are the same as t Tomoerature of the Sensor
standard four-phase transfer. When voltage patterns for A2 ar= P
A4 (or B2 and B4) are the same as the standard transfer, charge

packets are simply transferred [Fig. 6(a)]. channel width linearly increases. The potential then approaches
Ifthe voltage of A2 (or B2) is fixed at the higher level and thal, , gy mptotic constant value. The potential profile can be ap-

of A4 (or B4) at the lower level, A4 (B4) works as a blocking,,yimated by an exponential curve. The shape of the channel
gate and A2 (B2) as a reserving gate, and a charge packejich makes the potential profile linear was theoretically

kept beneath [A1 and A2] or [A2 and A3] (or [Al and B2] Oryerjved as the inverse expression of the exponential curve, i.e.,
[B2 and A3]) alternately [Fig. 6(b)]. Consequently, without B1, logarithmic curve.
and B3, the linear CCD storage and the readout VCCD are IN-5)" | arge Photogate:The photodiode is extremely large and

dependently operated either as transfer CCD or as storage Cf)g provides very high sensitivity. The shape of an electrode

. ) on the photodiode for increasing the electron transfer speed is
C. Curving Design also logarithmic, in this case, increasing the width along the
A part of the design of the developed ISIS is shown in Fig. Transfer direction. If it linearly increases, the potential profile
Curving designis introduced to the elements, instead of the stah-the lowest end becomes very flat, which makes the poten-
dard rectangular design. The curving design improves potdia gradient nearly zero and decreases the transfer velocity of
tial profiles. The advantage of the curving design is explainggenerated electrons. The logarithmic shape provides a favorable
below, using “narrowing channel” and “large photogate withnear potential profile, which maximizes the minimum poten-
curving electrodes” as examples. tial gradient and maximizes the transfer velocity of electrons.
1) Narrowing Channel: The example shown in Fig. 8 is Kosonocky et al. [5] employed an additional three-step
a narrowing CCD channel. If the channel width is linearly-doping to increase the transfer speed on the large photodiode.
reduced, the adverse potential gradient increases gradudilye concentration of the n-type doping becomes denser toward
becoming steepest at the end of the narrowing part. The steeplest outlet of the photodiode. This results in the following
adverse gradient makes transfer of electrons most difficult. Ttveo problems: additional doping processes are necessary to a
best shape of the potential profile along the transfer directistandard CCD process, and, since the potential at the outlet
is achieved by minimizing the maximum adverse gradierttecomes too deep, an additional input gate is necessary for the
i.e., by a straight line. If we move to the left in Fig. 8(a), th@peration to carry the electrons up from the deep well to the
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Fig. 11. Water crown generating a surface bubble (frame rate: 5000 fps).

Fig. 12. Fracturing of a plaster column (frame rate: 20 000 fps).

CCD channel. The logarithmic electrode on the photodiodgea of the photogate is, however, sufficiently large to provide

eliminated the problems. high sensitivity. Attachment of a cylindrical on-chip microlens
The curving or nonrectangular design was also employedamray on the sensor drastically increases the sensitivity. The

the “Honeycomb CCD [7].” The curving design will become averwriting function is installed.

standard design procedure for developing higher performance

image sensors and ICs. The design of the proposed ISIS was

largely supported by a three-dimensional (3-D) device simula\tli(l:)"j'rl Cameras and Example Images

“SPECTRA.” An IC-CAD applicable to curving design is ex- The camera mounting the test sensor was developed and

pected to be developed. applied to capture example images. The examples, shown in

Figs. 9-12, are of a bursting balloon (taken at 100 kfps), a

bursting soap bubble (taken at 5 kfps), a water crown generating
Design specification of the test sensor is shown in Table I.a surface bubble (taken at 5 kfps), and the fracturing of a plaster
The maximum frame rate is 1 000 000 fps and the pixel couoblumn (taken at 20 kfps). They are reproduced as moving

is 81120(= 312 x 260) pixels. The total number of the suc-images at 10 fps for 10 s, which is sufficient to activate the

cessive frames is 103 frames. The fill factor is only 13%. Thi#ynamic recognition of scientists and engineers.

D. Performance of the Developed ISIS
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A triple-1SIS camera has been developed that provides eitlmm s : Dirk Poggemann received the diploma degree
a color version with 243 360= 3 x 81,120) pixels or a mono- | 4 : Z‘p ;‘izztfgg'e ﬁcngs'”eoegggb:{jzrkﬂ tGheerr#a”n';ef;'%g‘;
chrome version with consecutive 309 3 x 103) frames for 2 He is currently working toward the Ph.D. degree at
the reproduction of moving images at 30 fps for 10 s or at 1 the same university. His dissertation focuses on the
fpS for 30 s. : development ofn situ storage image sensors (ISIS)
for high-speed imaging applications.

He spent one practical semester in the CCD
research group, Philips Imaging Technology. He
was accepted for a scholarship of Lower Saxony for
a Ph.D. program in cooperation with the Technical

An image sensor for a video camera of 1 000000 fpS W#\giversity of Berlin (TU Berlin), Germany. From 1997 to 1999 he studied at

e e TU Berlin.
developed. The specifications of the developed sensor are as
follows: 1) frame rate: 1000000 fps; 2) pixel count: 81120
(= 312x260) pixels; 3) total number of successive frames: 103
frames; 4) gray levels: 10 b, and 5) fill factor and the effective
open area of the photogate: 13% and 580 square micrometers.
The overwriting function is installed for the synchronization ofeq kreider received the Ph.D. degree in electrical engineering from the Uni-
image capturing with occurrence of the target event. Sensitivitgrsity of Pennsylvania, Philadelphia, in 1993. His dissertation described the
; iNifi ; ; development of a spatially variant CCD and its application in robotics.
IS S|gn|f|(_:antly hlgher with the Iarge photogate. . He joined Philips Semiconductors Image Sensors, Eindhoven, The Nether-

Some innovative technologies were introduced to achieve thgys, in 1093, where he worked on very large area devices for the consumer
ultra-high performance, including slanted linear C@Dsitu market, including the bouwblok family. In 2001 he moved to Cypress Semi-
storage, curving design procedure, and a CCD switch with fe ductor, Nashua, NH, where he is Program Manager for a family of physical

. . ayer devices.
metal shunting wires. Y

IV. CONCLUDING REMARKS
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