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[57] ABSTRACT

A charge-coupled device (CCD) is formed by first de-
fining relatively deep trenches having relatively small
lateral dimensions in the surface of a silicon bulk region.
A relatively thin silicon dioxide layer is formed over the
silicon surface and inside each trench to cover the inter-
nal surfaces thereof. Finally, respective conducting
electrode layers are formed over each trench covering
the silicon dioxide layer within the trench. Such a CCD
structure provides improved packing density and versa-
tility of function over a conventional surface electrode
CCD structures. When used in an image-sensing device,
the trench-defined CCD structure provides improved
quantum efficiency, owing to the deeper potential wells
which may be formed in such structures for capturing
photogenerated charge carriers.

9 Claims, 8 Drawing Sheets
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TRENCH-DEFINED CHARGE-COUPLED DEVICE

BACKGROUND OF THE INVENTION

The present invention relates to charge-coupled de-
vices and, more particularly, to a charge-coupled de-
vice structure providing improved packing density on a
semiconductor chip, and improved performance when
used to implement an image sensor and other functions.

In a conventional charge-coupled device (CCD) indi-
vidual electrodes are typically disposed in linear arrays
over a semiconductor surface and separated from the
surface by a thin insulating layer. Applying a particular
pattern of voltages to the electrodes defines charge
storage regions in the form of potential wells in the
semiconductor body below the surface. Each such
charge storage region is capable of storing a discrete
packet of charge which may vary in magnitude. By
appropriately changing voltages applied to the elec-
trodes to modify the configuration of the potential
wells, the discrete charge packets stored at each charge
storage region may be shifted along a linear array into
other linear arrays or detected and converted into cur-
rent or voltage signals at one end of the array. In this
manner a linear array of electrodes is operated as a shift
register.

Each electrode of a CCD may be thought of as defin-
ing a metal-insulator-semiconductor (MIS) capacitor.
Depending upon the configuration of impurity regions
in the semiconductor body beneath the surface on
which the electrodes are formed, the potential wells
serving as charge storage regions may either be adja-
cent to the semiconductor surface or confined below
the surface. Devices of the latter type are referred to as
“buried-channel” CCDs. The charge is stored in both
cases in a sheet-like region parallel to the surface.

A common application of CCDs is in solid-state
image sensors. A typical CCD image sensor comprises a
two-dimensional array of electrodes formed above a
silicon surface and separated from the surface by a thin
layer of silicon dioxide. Typically, a buried-channel
CCD configuration is used to minimize charge loss due
to surface traps.

By applying an appropriate pattern of voltages to the
electrodes, a regular array of charge storage regions is
established for an exposure interval. During such an
interval, charge generated by light impinging in or near
each charge storage region is accumulated within the
region. Each charge storage region corresponds to a
picture element (pixel) of the image sensor, and the
charge stored in such region is representative of the
light intensity at the corresponding pixel.

Subsequently, during a scanning interval, which is
normally much shorter than the exposure interval, the
voltages applied to the electrodes are appropriately
varied to rapidly shift the charge packets in each charge
storage region accumulated during the exposure inter-
val to a particular edge of the array. Typically, charge
packets corresponding to the pixels are moved, one row
at a time, into respective charge storage regions of an
edge-positioned CCD shift register, which provides the
charge packets corresponding to successive rows of
pixels in serial form. Image sensors using CCDs are in
widespread use in video cameras and other imaging
devices.

The total semiconductor area covered by an elec-
trode of a CCD determines the size of the charge stor-
age region associated with the electrode, and hence the
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amount of charge that may be stored in such a region.
Although present day integrated circuit fabrication
processes can provide electrodes having an area of less
than 1u2, signal-to-noise and dynamic range consider-
ations associated with detecting shall charge packets
impose a practical limitation on the minimum area of the
electrode, which js generally larger than that imposed
by the fabrication process. In conventional CCDs
where the electrodes are formed entirely on the planar
surface of the semiconductor body, the number of elec-
trodes which may be formed in a given surface area
(i.e., the packing density) is limited by the minimum
area of the electrode, as determined by signal-to-noise
and dynamic range considerations. Therefore, the maxi-
mum packing density achievable with conventional
CCDs is typically less than that which is permitted by
the fabrication process. In the case of a CCD image
sensor, a limitation on packing density gives rise to a
limitation on the resolution of the image sensor for a
given area.

Image sensors using conventional CCDs tend to have
a low quantum efficiency in the X-ray and far infrared
regions of the spectrum, because of the relatively shal-
low dimension of the charge storage regions in such
devices and the relatively small absorption cross sec-
tions for photons in those regions of the spectrum. The
poor performance of solid-state, X-ray image sensors
formed with conventional CCD structures is described
in greater detail in the following published papers:
Bautz, M. W. et al., “Charge-coupled-device X-ray
detector performance model”, Optical Engineering,
August 1987, p. 757, and Lumb, David H., et al., “X-ray
Measurements of Charge Diffusion Effects in EEV Ltd.
Charge-Coupled Devices”, Optical Engineering, Au-
gust 1987, p. 773.

One technique which has been used to improve the
performance of solid-state X-ray image sensors using
conventional CCD structure is to apply a phosphor on
the light-receiving surface of the image sensor which
converts X-ray photons into photons of an energy for
which the semiconductor material has a higher absorp-
tion cross section. However, this technique has not been
shown to provide an adequate increase in the overall
quantum efficiency of the sensor.

Another technique for improving the performance of
surface electrode CCD X-ray Image sensors is to use
high-resistivity silicon to provide deeper charge storage
regions providing a longer path length for the absorp-
tion of an X-ray photon. But CCDs are difficult to
fabricate using high resistivity material, because certain
contaminants unavoidably introduced during process-
ing tend to lower the resistivity of the semiconductor
material. Furthermore, the signal voltage levels re-
quired to operate a CCD fabricated with high resistivity
material becomes quite high, i.e., on the order of 100
volts.

The use of other semiconductor materials such as
gallium arsenide having higher absorption cross sec-
tions for X-ray photons has been proposed.. However,
the fabrication of CCDs with such materials has proven
to be difficuit.

It is apparent from the foregoing that a need exists for
a CCD structure which provides higher packing den-
sity on a semiconductor chip. Furthermore, a need
exists for a solid-state image sensor having improved
quantum efficiency in the X-ray and far infrared regions

of the spectrum.
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SUMMARY OF THE INVENTION

In accordance with the invention, a novel trench-
defined CCD structure is used to implement a variety of
device functions. Unlike the relatively wide sheet-like
charge storage regions of known surface electrode
CCD structures, the charge storage regions of the CCD
structures in accordance with the invention are deep
and have small lateral dimensions, as a result of elec-
trodes defined by trenches which extend relatively deep
into the semiconductor around the relatively deep
trenches, a longer path length for the photogeneration
of carriers is obtained, which improves the quantum
efficiency in image sensing applications. Since the elec-
trodes may have small lateral dimensions and will pro-
vide relatively high capacity charge storage regions, the
CCD structure in accordance with the present inven-
tion may be packed more densely than conventional
CCD structures.

Used in an image sensor, the trench-defined CCD
structure offers higher quantum efficiency, particularly
in the X-ray and far-infrared regions of the spectrum,
without the need for higher operating voltages, as in
some known CCD structures. The trench-defined CCD
structure in accordance with the invention also offers
improved packing density on a chip, and therefore
higher resolution in image sensing devices.

BRIEF DESCRIPTION OF THE DRAWING

The present invention may be better understood with
reference to the following detailed description of exem-
plary embodiments thereof, taken in conjunction with
the figures of the drawing in which:

FIG. 1(a) is a cross-sectional view of a conventional
linear array CCD structure for four-phase operation,

FIG. 1(b) illustrates the charge storage regions (po-
tential wells) formed by four different voltage patterns
corresponding to the four signal phases applied to the
electrodes of the device illustrated in FIG. 1(a);

FIG. 1(c) shows the timing diagrams of the four-
phase voltage signals which when applied to the elec-
trodes of the CCD of FIG. 1(a) results in the charge
storage region configurations illustrated in FIG. 1(b);

FIG. 2is a plan view of an image sensor implemented
with a conventional CCD structure for four-phase oper-
ation;

FIG. 3(a) is a cross-sectional view of a prior art CCD
structure with a vertical overflow drain structure de-
signed into the material layer structure;

FIG. 3(b) is a diagrammatical illustration of the elec-
trostatic potential along the vertical direction, as seen
by charge carriers, in the CCD structure of FIG. 3(a);

FIG. 4(a) is a cross-sectional view of a prior art CCD
structure containing both a vertical overflow drain
material layer structure and an inverting channel
contact for reduction of surface dark current;

FIG. 4(b) is a diagrammatical illustration of the elec-
trostatic potential along the vertical direction in the
CCD structure of FIG. 4(a), showing the effect of the
presence of an inverting charge layer at the semicon-
ductor surface with the addition of the inverting chan-
nel contact;

FIG. 5(a) is a plan view of a linear array trench-
defined CCD structure for four-phase operation in ac-
cordance with the present invention;

FIG. 5(b) is a cross-sectional view of the CCD struc-
ture of FIG. 5(a) along section line A—A;
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FIG. 6(a) is a plan view of the CCD structure of FIG.
5(a) illustrating charge storage regions defined by adja-
cent electrodes;

FIG. 6(b) is a cross-sectional view of the CCD struc-
ture of FIG. 6(a) along section B—B showing charge
storage regions defined by adjacent electrodes;

FIG. 7(a) is a plan view of an exemplary trench-
defined charge source in accordance with the present
invention;

FIG. 7(b) is a cross-sectional view of a trench-defined
charge source of FIG. 7(a) along section C—C;

FIG. 8(a) is an exemplary plan view of a trench-
defined charge detector in accordance with the present
invention;

FIG. 8(b) is a cross-sectional view of a trench-defined
charge detector of FIG. 8(a) along section D—D;

FIG. 9(a) is a plan view of an exemplary trench-
defined reset transistor in accordance with the present
invention;

FIG. 9(b) is a cross-sectional view of the trench-
defined reset transistor of FIG. 9(a) along section E—E;

FIG. 9(c) is a plan view of another exemplary trench-
defined reset transistor having higher current handling
capability in accordance with the present invention;

FIG. 10 is a plan view of an exemplary image sensor
implemented with the trench-defined CCD structure in
accordance with the present invention;

FIG. 11 is a plan view of another exemplary image
sensor with higher fill-factor implemented with the
trench-defined CCD structure in accordance with the
present invention; and

FIG. 12 is a cross-sectional view of a CCD structure
which includes an inverting contact and a vertical over-
flow drain structure.

Throughout the figures of the drawings, the same
reference character or numerals are used to denote like
regions, parts or components of the disclosed apparatus.

DETAILED DESCRIPTION OF AN
EXEMPLARY EMBODIMENT

Referring to FIG. 1(a), which illustrates in cross-sec-
tional view a known CCD structure 18, a plurality of
electrodes 22 are formed above a major surface 19 of an
n-type epitaxial silicon layer 20A formed on a p-type
silicon substrate 20B. The electrodes 22 are separated
from the major surface of the silicon body by a rela-
tively thin layer of silicon dioxide 21. During operation
of the device 18, a time-varying voltage pattern is ap-
plied to the electrodes 22 as provided by four signal
phases 1, ¢2, d3, and ¢4. The wave forms of the signal
phases ¢1, ¢2, b3, and ¢4 are illustrated in FIG. 1(c).
FIG. 1(b) depicts the potential well configurations 23,
24, 25 and 26 which are induced in the silicon body 20A
by the voltage patterns on the electrodes 22 at times t1,
t2, t3 and t4, respectively. At time t1 the potential wells
are shown as storing charge packets of different magni-
tudes. As the voltage pattern applied to the electrodes
22 is varied, at times t2, t3 and t4 the charge packets in
the potential wells are shifted by one position each time
to the right of the figure. In this manner, the device of
FIG. 1(a) is operated as a shift register, in which every
four electrodes define a shift register stage. Since a
four-phase signal is required to produce the voltage
patterns to shift the charge packets, the operation de-
scribed for the device of FIG. 1(a) is referred-to as
four-phase operation.

Referring now to FIG. 2 there is shown a known
image sensor 200 implemented with the CCD structure
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of FIG. 1(a). An array of charge storage regions is
established by four shift registers 30, 34, 35, and 36, each
‘having the structure shown in FIGS. 1(a). The eight
electrodes 22 are common to all four shift registers 30,
34, 35, and 36. The charge packets 31 are confined to
their respective shift registers by p. barriers 32 formed
in the surface of the silicon body.

After each exposure interval, during which charge
packets having a magnitude representative of the light
intensity at each charge storage region corresponding
to a pixel is accumulated, a four-phase voltage signal is
applied to the electrodes during the scanning interval to
shift the array of charge packets accumulated during
the exposure interval one position at a time to the right.
A shift register 33 receives and serializes each row of
charge packets from the shift registers 30, 34, 35 and 36
for detection and processing by means not shown in
FIG. 2.

Turning now to FIGS. 3(a) and 3(b), there is shown
a cross-sectional view of the CCD structure of FIG.
1(a) modified for the purpose of forming a vertical
overflow drain. The p-n junction formed by layers 38
and 39 are biased to fully deplete the p region 38. In this
manner, charge stored in the upper n-region 20A will
flow outward to the substrate 39 if the magnitude of the
charge in the CCD channel exceeds a certain value. As
illustrated in FIG. 3(b) a quantity of charge having a
magnitude represented by region 40’ will be retained in

the CCD channel, but a quantity of charge having a-

magnitude larger than that representing region 40’ will
“overflow” into the layer 39. Such a vertical overflow
drain prevents a condition known as blooming in CCD
image sensor, which causes deterioration of the image
quality.

In FIG. 4(g) an inverting contact reahzed as a rela-
tively heavily doped p-type region, 41', has been added
to the surface of the semiconductor to the CCD struc-
ture of FIG. 3(a). This p+ region is biased so as to cause
holes 42’ to flow to the surface of the semiconductor, as
shown in FIG. 4(). In a CCD image sensor, the re-
moval of holes by the inverting contact 41’ reduces the
dark current produced at the silicon-silicon dioxide
interface and thereby improves image quality. Such an
inverting contact 41’ is biased to automatically cut-off
during charge-transfer so as not to interfere with the
electrostatic potentials required to achieve good charge
transfer efficiency.

Turning now to FIGS. 5(a) and 5(b), there are shown
a plan view and a cross-sectional view, respectively, of
a portion of a linear-array, trench-defined CCD struc-
ture in accordance with the invention. The cross-sec-
tional view of FIG. 5(b) is taken along line A—A of
FIG. 5(a).

An n-type epitaxial silicon layer 64 doped with phos-
phorus at a concentration on the order of 10!3 per cm3
is formed over a P-type silicon substrate 65 doped with
boron at a concentration on the order of 1017 per cm3. A
row of regularly spaced apart holes or trenches 68 are
formed in the surface of the n-type layer 64 using con-
ventional photolithography, masking, and reactive ion
etching techniques. Using the same techniques, long
trenches 69 on each side of the row of holes are simulta-
neously formed. All trenches 68 extend into the n-type
layer 64 to a depth that is relatively close to the bound-
ary with the p-type substrate 65 below. In the present
example, the trenches 68 have approximately straight
side walls with a trench width or diameter of approxi-
mately 1 to 1.5 microns. Following the formation of the
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trenches 68, a silicon dioxide layer 57 having a thickness
of 500 to 800 Angstroms is’formed on the surface of the
n-type layer 64 in the same manner as the thin silicon
dioxide layer in conventional CCD structures. The
silicon dioxide layer 57 extends into each trench, cover-
ing the side and bottom walls therein.

A layer of polysilicon, doped with phosphorus at a
concentration on the order of 1019 per cm?, is formed
over the silicon dioxide layer 57 and is patterned by
conventional photolithography and etching techniques
to form individual electrodes 40-44, 45 and 46 overlap-
ping each one of the trenches 68 and 69. The electrodes
40-44 extend into respective trenches to be in contact
with and completely cover the silicon dioxide layer 57
therein.

The depth of the trenches 68 and 69 is chosen such
that the p-n junction between layers 64 and 65 falls
within the depletion region created when the device is
biased during use in the manner described below. The
thickness of the n-type layer 64 is chosen to be about 20
microns for most applications. In the case of image
sensors for applications in the x-ray or infrared regions
of the spectrum, the thickness of the n-type layer 64 is
advantageously chosen to be in the range of 100 to 200
microns for improved quantum efficiency of the sensor.

FIGS. 6(a) and 6(b) show a charge storage regions 66
(or 66') created in the CCD structure of FIGS. 5(a) and
5(b) when appropriate voltage patterns are applied to
the electrodes 40-44. The charge storage region 66 (or
66"), which is surrounded by electrodes 41, 42, 45 and
46, may be achieved by applying a charge-retention
voltage of approximately 2.5 V to electrodes 41, 42, 45
and 46 and a charge-repulsion voltage of approximately
—2.5 V to electrodes 40 and 43, and 44. The charge
storage region 66 (or 66") created by such a voltage
pattern will vary in size in proportion with the amount
of charge accumulated in such a region. For a relatively
small amount of charge, this region is denoted by refer-
ence numeral 66, and for a relatively large amount of
charge, the region is denoted by reference numeral 66’,
as shown in FIGS. 6(a) and 6(b).

A charge packet stored in region 66 (or 66') may be
shifted in a selected direction by varying the voltage
pattern applied to two of the four electrodes 41 and 42
surrounding the charge packet, and to the adjacent
electrode in the selected direction. For example, to
move the charge from region 66 to the right, electrodes
43 is brought to the charge-retention voltage and elec-
trode 41 is brought to the charge-repulsion voltage. The
result is that the charge packet moves from region 66 to
region 67.

Four phases of shifting pulses, as exemplified by those
shown in FIG. 1(c), may be employed to repeatedly
shift charge packets to the left or to the right in FIGS.
6(a) and 6(b). Applying the voltage signals of FIG. 1(c)
in the reverse pattern causes repetitive shifting of
charge packets to the left. The movement of charge
packets in the CCD structure of FIGS. 6(a) and 6(b)
caused by the application of the signal phases 1, ¢2, d3
and ¢4 of FIG. 1(c) to the electrodes 40-44, respec-
tively, is depicted diagrammatically in FIG. 1(b).

It is noted that the packing density of electrodes in a
trench-defined CCD structure according to the inven-
tion is greater than that which can be achieved with
conventional surface-electrode CCD structures. Owing
to the vertical extension of the charge storage region,
adequate charge storage capacity may be achieved with
electrodes having lateral dimensions at or close to the
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minimum allowed by the design rules of the fabrication
process. A storage cell in FIG. 6(a) extends, for exam-
ple, from the right edge of the trench 68 associated with
electrode 41 to the left edge of the trench 68 associated
with electrode 42, a distance of perhaps 4 to 6 microns
with present day technology. In the case of image sen-
sors implemented with trench-defined CCDs in accor-
dance with the invention, the thickness of the n-type
layer 64 may be 100 to 200 microns, with the trench
holes extending nearly the entire thickness. The greater
vertical extent of the resultant charge storage region
improves quantum efficiency of the sensor, due to the
increased photon absorption path length within a
charge storage region.

An exemplary charge source 700 and charge detector
800 implemented with the trench-defined CCD struc-
tures in accordance with the invention will now be
described. Turning to FIGS. 7(a) and 7(b), in the exem-
plary charge source 700 an n-type injection region 100,
doped with phosphorus to a concentration in the range
of 1018 to 1019 per cm3, provides for the injection of
signal charge into a charge storage region 103. As
shown in FIG. 7(b), the injection region 100 is biased
more negatively (— Vp) than the potential of the n-type
layer 64, which in the example is biased at ground po-
tential by means not shown, to cause injection of the
signal charge into the n-type layer 64. The injection
region 100 may be formed by conventional masked
diffusion or ion implantation techniques. The magnitude
of the injected signal charge may be modulated by an
appropriate signal source Vs applied to a trench-defined
electrode 101 positioned adjacent to the injection region
100. Another trench-defined electrode 102 positioned
adjacent electrode 101 is normally biased at an appro-
priate negative voltage by a gate signal V;to form the
charge storage region 103 for confinement of the signal
charge. A trench-defined, surrounding isolation elec-
trode 104 encloses injection region 100 and electrodes
101 and 102, and when biased at an appropriately nega-
tive voltage (e.g., —10 V), provides charge isolation of
the injection region 100 and the electrode 101 from
other parts of the CCD structure (not shown). When
the electrode 102 is biased positively by the gate signal
¢s, the signal charge may be transferred out of the
charge source 700 into an appropriately situated charge
storage region of a CCD structure (not shown) external
to the charge source.

Turning to FIGS. 8(a) and 8(b), in the exemplary
charge detector 800 an n-type detection region 110,
doped with phosphorus to a concentration in the range
of 1018 to 1019 per cm3, provides for the extraction of
charge from n-type layer 64 surrounding the detection
region 110. As shown in FIG. 6(b), the detection region
110 is biased more positively than the potential of the
n-type layer 64 by a dc voltage V,to cause extraction of
charge from the n-type layer 64 by the detection region
110. A capacitor 115, reset switch 117 and an amplifier
116 converts the charge extracted by the detection
region 110 to a voltage signal. The detection region 110
may be formed by conventional masked diffusion or ion
implantation techniques. A trench-defined, surrounding
isolation electrode 108, which when negatively biased
(e.g., —10V), provides isolation of the detection region
110 from other parts of the CCD structure (not shown).
A pair of adjacent trench-defined electrodes 105 and
106, which are also enclosed by the surrounding isola-
tion electrode 108, receive detector gating signals ¢
and ¢q,, respectively. When the electrodes 105 and 106
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are biased at appropriately negative voltages, a charge
storage region 107 is defined in the n-type layer region
surrounded by the trenches 68 and 70 associated with
the electrodes 105, 106 and 108. When the electrode 106
is biased at an appropriate positive voltage charge from
an appropriate charge storage region of a CCD struc-
ture (not shown) external to the charge detector 700
may be transferred to the charge storage region 107.
When the electrode 105, which is adjacent to the detec-
tion region 110, is biased positively with respect to the
isolation electrode 108, a charge packet stored in the
charge storage region 107 may be extracted by the
detection region 110.

It is noted that the above-described exemplary charge
source 700 and charge detector 800 are identical in
structure, and may therefore be used interchangeably in
a device having such structures.

Referring now to FIGS. 9a) and 9(b), there are
shown plan and sectional views, respectively, of a reset
switch transistor 900 implemented in the trench-defined
CCD structure in accordance with the invention. The
transistor 900 includes an isolation trench 70 which has
a relatively thin silicon dioxide layer 57 and a polysili-
con electrode 93 formed within it. Relatively heavily
doped n-type contact regions 91 and 92 serve as elec-
tron source and drain respectively for the transistor 900,
and a trenich-defined electrode 90 positioned between
the source and drain contact regions 91 and 92 acts as
the gate. When electrode 90 is negatively biased by
voltage V; such that the electrostatic potential sur-
rounding the trench of the electrode blocks the flow of
carriers between the contact regions 91 and 92, the
switch is off. When the bias provided by Vg is changed
to be more positive, current is permitted to flow be-
tween the source contact 91 and drain contact 92
thereby turning the transistor 900 on. The current car-
rying capacity of the transistor switch can be increased
by providing longer source and drain contact regions 91
and 92, and multiple, linearly-disposed, trench-defined
gate electrodes 90 connected together, as shown in
FIG. 9(c).

Turning now to FIG. 10, there is a plan view of an
exemplary .image sensor 1000 in accordance with the
invention formed with three trench-defined CCD shift
registers 215, 216 and 217. The shift registers, which are
disposed in parallel relationship such that the electrodes
of one are aligned with corresponding electrodes of the
others, each have the structure described above in con-
nection with FIGS. 5(a), 5(b), 6(a) and 6(b). For sim-
plicity of the illustration, only the trench of each trench-
defined electrode of the sensor 1000 is depicted in the
figure.

Accordingly, the sensor 1000 consists of a regular
array of 6 pixels arranged in a 3-column, 2-row format,
although it will be understood that 2 much larger array
of pixel regions may be formed. Each pixel is defined by
a string of regular, spaced-apart electrodes 201-204 in a
particular one of the shift registers 215-217. The long
trench-defined electrodes 200 provide isolation of pixels
between adjacent columns.

In accordance with four-phase operation, the elec-
trodes in each column are connected to receive the four
signal phases ¢1-¢4 in the manner shown in FIG. 1(a),
and electrodes denoted by reference numerals 201-204
receive signal phases ¢1-¢a, respectively. Operation of
the sensor 1000 takes place in alternating exposure and
readout intervals. During an exposure interval, elec-
trodes 201-203 of each pixel are biased at a charge-
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retention voltage, while electrode 204 of the pixel is
biased at a charge-repelling voltage isolate pixels in the
same column. During a readout interval, the signal
phase applied to electrode 203 of each pixel is changed
to a charge-repelling voltage to cause containment of 5
the photogenerated charge in a charge storage region
between electrodes 201 and 202 of the pixel. The signal
voltages on the electrodes of each of the shift registers
215-217 are then clocked in a four-phase manner, as

described above, to shift the stored charge in each pixel 10

in the rightward direction toward a serializing multi-
plexer 218 defined by two parallel, mutually aligned
rows of regularly spaced-apart, trench-defined elec-
trodes, and a parallel elongated trench-defined isolation

electrode 210. The multiplexer 218 is also operated in a 15

four phase manner with opposing electrodes in the two
rows receiving the same signal phase. In the depiction
of FIG. 10, electrodes of the multiplexer 218 which
receive the same signal phase are denoted by the same
reference numeral. The position of the multiplexer 218
in relationship to the shift registers 215-217 of the pixel
array, the spacing between adjacent opposing pairs of
electrodes, and the signal voltages applied to the elec-
trodes are such that charge storage regions are estab-
lished by electrodes 212 and 213 at an appropriate time
to receive stored charge packets associated with a row
of pixels, when the voltages on the charge transfer elec-
trodes 205 change to a charge retention voltage. Once
the charge packets associated with a row of pixels are
received by the multiplexer 218, they are shifted in the
upward direction to a charge detector (not shown)
positioned at the upper end of the multiplexer 218. The
construction and operation of the charge detector may

be as described above in connection with FIGS. 8(a) 35

and 8(b). Advantageously, the serializing multiplexer
218 operates at a much higher speed than the shift regis-
ters 215-217 of the pixel array, such that the shifting of
the charge packets associated with one row of pixels
into the charge detector (not shown) is completed in
time for the multiplexer 218 to receive the charge pack-
ets associated with the next row of pixels.

Turning now to FIG. 11, there is shown a plan view
of an alternative embodiment of an image sensor 1100

which does not require the column isolation electrodes 45

200 of the image sensor 1000 shown in FIG. 10. Elimi-
nation of such column isolation electrodes 200 increases
the fill factor of the sensor and thereby increases the
effective quantum efficiency.

The image sensor 1100 has a two row by two column sg

array of pixels defined by four parallel, spaced-apart
columns 226-229 of trench-defined electrodes. Each of
the columns 226-229 has nine. linearly disposed, regu-
larly spaced-apart electrodes, and each pixel is defined

by four adjacent opposing pairs of electrodes 221-224 55

with the last electrode 225 of each column serving as a
transfer electrode in the same manner as electrode 205
in the image sensor of FIG. 10. Each column of elec-
trodes of the pixel array, except for the outermost col-

umns 226 and 229 is shared by two adjacent columns of 60

pixels.

Each of the electrodes of the pixel array is shaped to
have projections extending towards adjacent electrodes
in the same column and projections extending towards

opposing electrodes in adjacent columns. The spacings 65

between the projections of adjacent electrodes in the
same column is relatively small so as to isolate the pixels
of one column from the pixels of adjacent columns.

10

The image sensor 1100 is operated in the same four
phase manner as the image sensor of FIG. 10. The elec-
trodes denoted by reference numerals 221-224 receive
signal phases ¢~¢4, respectively, and the transfer elec-
trodes 225 may receive signal phase ¢ or a different
charge transfer signal. Charge packets, such as those
denoted by reference numerals 230-232, associated with
each row of pixels are shifted in the rightward direction
and transferred to a serializing multiplexer 218 having
the same construction and operated in the same manner
as the one in the image sensor of FIG. 10. The charge
packets received by the multiplexer 218 are serially
shifted in the upward direction and received by a
charge detector (not shown).

Referring now to FIG. 12, there is shown a cross-sec-
tional view of a trench-defined CCD structure which
includes a relatively thin p.4-type inverting contact
layer 302 adjacent the surface of the n-type layer 64,
and a vertical overflow drain structure comprising a
relatively thin p-type layer 304 and an n-type layer 305
interposed between the n-type layer 64 and the sub-
strate. The p -type contact layer 302 may be omitted if
an inverting contact layer is not needed, and the p-type
layer 304 and n-type layer 305 may be omitted if a verti-
cal overflow drain structure is not desired.

While the invention has been described in terms of
the foregoing specific embodiments thereof, it will be
apparent to those skilled in the art that various alter-
ations and modifications may be made to the described
embodiments without departing from the scope of the
invention, as defined by the appended claims. For exam-
ple, the trench-defined CCD structure may be formed

-in a p-type layer on an n-type body region; the trenches

may generally have any cross-sectional shape; the insu-
lating layer separating the electrode conductor from the
underlying semiconductor may be eliminated by using
an appropriate conductor material which forms a
schottky barrier contact with the semiconductor; and
the semiconductor material used to form the trench-
defined CCD may be other than silicon.

We claim:

1. A charge-coupled device comprising:

a semiconductor layer region of one conductivity
type formed on a semiconductive body region of an
opposite conductivity type, the semiconductive
layer region having an exposed major surface;

a plurality of spaced-apart trenches of predefined
cross-section formed in the major surface of the
layer region, each extending from the major sur-
face into the layer region to a predetermined depth;

a relatively thin insulating layer formed over the
major surface and extending into each of the
trenches therein so as to cover inner surface of
each of the trenches;

a plurality of electrode layers formed on the insulat-
ing layer, covering each of the trenches and ex-
tending into the trench covered thereby so as to
overlay the insulating layer therein;

means for applying respective voltage signals to the
electrode layers;

one or more charge detectors, each having a sur-
rounding isolation trench, first and second adjacent
trenches formed in the major surface of the layer
region to the predetermined depth and being en-
closed by the surrounding isolation trench, the
insulating layer being formed over the surrounding
isolation trench, the first trench and the second
trench and extending therein to cover inner sur-
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faces thereof, and respective electrode layers
formed on the insulating layer covering the sur-
rounding isolation trench, the first trench and the
second trench, the respective electrode layers ex-
tending into the isolation trench, the first trench
and the second trench so as to overlay the insulat-
ing layer therein;

a relatively highly doped diffusion region of the first
conductivity type formed in the major surface of
the layer region surrounded by the surrounding
isolation trench and being adjacent to the first
trench;

means for coupling the diffusion region to amplifying
means and biasing means; and

means for applying respective gating signal voltages
to the electrode layers covering the first and the
second trench.

2. A charge-coupled device comprising:

a semiconductor layer region of one conductivity
type formed on a semiconductive body region of an
opposite conductivity type, the semiconductive
layer region having an exposed major surface;

a plurality of spaced-apart trenches of predefined
cross-section formed in the major surface of the
layer region, each extending from the major sur-
face into the layer region to a predetermined depth;

a relatively thin insulating layer formed over the
major surface and extending into each of the
trenches therein so as to cover inner surface of
each of the trenches;

a plurality of electrode layers formed on the insulat-
ing layer, covering each of the trenches and ex-
tending into the trench covered thereby so as to
overlay the insulating layer therein;

means for applying respective voltage signals to the
electrode layers; :

one or more charge detectors, each having a sur-
rounding isolation trench, first trench and second
-adjacent trenches formed in the major surface of
the layer region to the predetermined depth and
being enclosed by the surrounding isolation trench,
the insulating layer being formed over the sur-
rounding isolation trench, the first trench and the

" second trench and extending therein to cover inner
surfaces thereof, and respective electrode layers
formed on the insulating layer covering the sur-
rounding isolation trench, the first trench and the
second trench and extending into each of the sur-
rounding isolation trench, the first trench and the
second trench so as to overlay the insulating layer
therein;

a relatively highly doped diffusion region of the first
conductivity type formed in the major surface of
the layer region surrounded by the surrounding
isolation trench and positioned adjacent to the first
trench;

means for coupling the injection region to biasing
means; and .

means for applying respective gating signal voltages
to the electrode layers covering the first and the
second trenches.

3. A charge-coupled device comprising:

a semiconductor layer region of one conductivity
type formed on a semiconductive body region of an
opposite conductive type, the semiconductive
layer region having an exposed major surface;

one or more spaced-apart trenches of predefined

" cross-section formed in the major surface of the
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layer region, each extending from the major sur-
face into the layer region to a predetermined depth;

first and second relatively highly doped regions of
the first conductivity type formed in the major
surface of the layer region, one on each side of the
one ore more trenches;

an isolation trench formed in the major surface of the
layer region extending from the major surface into
the layer region to the predetermined depth, the
isolation trench surrounding the one or more
trenches and the first and second regions;

a relatively thin insulating layer formed over the
major surface and extending into each of the one or
more trenches and the isolation trench therein so as
to cover inner surfaces of the one or more trenches
and the isolation trench;

a plurality of electrode layers formed on the insulat-
ing layer, covering each of the one or more
trenches and the isolation trench, each electrode
layer extending into each of the trenches covered
thereby so as to overlay the insulating layer
therein;

means for providing electrical contact to each of the
first and second regions; and

means for applying respective voltage signals to the
electrode layers covering the one or more trenches
and the isolation trench, and to the means for pro-
viding electrical contact to the first and second
regions. ’

4. A charge-coupled device comprising:

a semiconductor layer region of one conductivity
type formed on a semiconductive body region of an
opposite conductivity type, the semiconductive
layer region having an exposed major surface;

a first intermediate layer region of the opposite con-
ductivity type interposed between the layer region
and the body region;

a second intermediate layer region of the one conduc-
tivity type interposed between the first intermedi-
ate layer region and body region;

a plurality of spaced-apart trenches of predefined
cross-section formed in the major surface of the
layer region, each extending from the major sur-

. face into at least the first intermediate layer region;

a relatively thin insulating layer formed over the
major surface and extending into each of the
trenches therein so as to cover inner surface of
each of the trenches;

a plurality of electrode layers formed on the insulat-
ing layer, covering each of the trenches and ex-
tending into the trench covered thereby so as to
overlay the insulating layer therein; and

means for applying respective voltage signals to the
electrode layers.

5. A charge-coupled device comprising:

a semiconductor layer region of one conductivity
type formed on a semiconductive body region of an
opposite conductivity type, the semiconductive
layer region having an exposed major surface;

a plurality of spaced-apart trenches of predefined
cross-section formed in the major surface of the
layer region and disposed in a regularly spaced
linear array including a first trench, a second
trench adjacent to the first trench, a third trench
adjacent to the second trench, a fourth trench adja-
cent to the third trench and a fifth trench adjacent
to the fourth trench, each spaced-apart trench ex-
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tending from the major surface into the layer re-
gion to a predetermined depth;

a relatively thin insulating layer formed over the
major surface and extending into each of the
trenches therein so as to cover inner surface of 5
each of the trenches;

a plurality of electrode layers formed on the insulat-
ing layer, covering each of the trenches and ex-
tending into the trench covered thereby so as to

overlay the insulating layer therein; 10

first and second isolation trenches formed in the
major surface of the layer region to the predeter-
mined depth, each of the first and second isolation
trenches extending along a respective side of the

linear array and spaced-apart therefrom, the insu- 15

lating layer being formed over the first and second
isolation trenches and extending therein to cover
inner surfaces thereof, and one or more electrode
layers formed on the insulating layer covering the
first and second isolation trenches, the electrode
layer or layers extending into the first and second
isolation trenches so as to overlay the insulating
layer therein; and

means for applying respective voltage signals to the

electrode layers including means for successively
establishing a first charge storage potential region
in the layer region between the first and the second
trench, a second charge storage potential region in
the layer region between the second and the third
trench, a third charge storage potential region in
the layer region between the third and the fourth
trench and a fourth charge storage potential region
in the layer region between the fourth and the fifth
trench, and wherein a charge packet initially stored
in the first charge storage potential region is suc-
cessively shifted to the second, the third and the
fourth charge storage potential regions.

6. The charge-coupled device of claim 5, wherein the
means for establishing the first, second, third and fourth
charge storage potential regions include means for ap-
plying a charge-retention voltage to the electrode lay-
ers covering the first, the second and the fifth trench,
and a charge-repulsion voltage to the electrode layers
covering the third and the fourth trench, then applying
the charge-retention voltage to the electrode layers

covering the second and the third trench, and the 45

charge-repulsion voltage to the electrode layers cover-
ing the first, the fourth and the fifth trench, then apply-
ing the charge-retention voltage to the electrode layers
covering the third and the fourth trench, and .the
charge-repulsion voltage to the electrode layers cover-
ing the first, the second and the fifth trench, and thereaf-
ter applying the charge-retention voltage to the elec-
trode layers covering the fourth and the fifth trench,
and the charge-repulsion voitage to the electrode layers

covering the first, the second and the third trench, 55

while maintaining a charge-repulsion isolation voltage
to the electrode layer or layers covering the first and
the second isolation trench.

7. A charge-coupled device comprising:

a semiconductor layer region of one conductivity 60

type formed on a semiconductive body region of an
opposite conductivity type, the semiconductive
layer region having an exposed major surface;

a plurality of spaced-apart trenches of predefined

cross-section formed in the major surface of the 65

layer region, each extending from the major sur-
face into the layer region to a predetermined depth,
the plurality of spread-apart trenches being dis-

25
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posed in a pixel array having a plurality of regu-
larly spaced rows and regularly spaced columns,
and a multiplexer array comprising two paraliel,
mutually-aligned, regularly-spaced linear arrays
perpendicularly positioned with respect to the col-
umns of the pixel array and spaced-apart therefrom
by a predetermined spacing, the linear arrays being
at least coextensive with the rows of the pixel ar-
ray;

a relatively thin insulating layer formed over the
major surface and extending into each of the
trenches therein so as to cover inner surface of
each of the trenches;

a plurality of electrode layers formed on the insulat-
ing layer, covering each of the trenches and ex-
tending into the trench covered thereby so as to
overlay the insulating layer therein;

means for applying voltage signals to the electrode
layers covering the trenches of the pixel array for
establishing a plurality of rows and a plurality of
columns of charge storage potential regions for
storage of photogenerated charge packets during a
readout interval; and

means for applying voltage signals to the electrode
layers covering the trenches of the multiplexer
array for establishing a plurality of charge storage
potential regions each for receiving a charge
packet from a corresponding one of. the columns of
charge packets being shifted towards the multi-
plexer array, and for shifting charge packets re-
ceived in the charge storage potential regions at a
relatively high rate to a charge detector.

8. The charge-coupled device of claim 7, wherein the
plurality of trenches further comprises a plurality of
first isolation trenches and a second isolation trench, the
first trenches each having a relatively narrow width and
a length at least coextensive with the columns of elec-
trodes of the pixel array and being disposed one on each
side of each column of electrodes of the pixel array, the
second isolation trench having a relatively narrow
width and a length at least coextensive with the linear
arrays of electrodes of the multiplexer array and being
disposed in parallel along a side of the multiplexer array
away from the pixel array, and the means for applying
repsective voltage signals to the electrode layers in-
clude means for applying a biased voltage to the elec-
trode layers covering each of the first isolation trenches
and the second isolation trench, and wherein each of the
charge storage potential regions for storage of
photogenerated charge packets are established in the
layer region between particular adjacent pairs of elec-
trodes in each column of electrodes of the pixel array.

9. A charge-coupled device of claim 7, wherein each
of the electrodes of the pixel array is formed with a
cross sectional shape having first projections extending
towards adjacent electrodes in a column of the pixel
array and second projections extending towards adja-
cent electrodes in a row of the pixel array, the spacing
between the first projections of adjacent electrodes of a
column of the pixel array being sufficiently small to
provide charge isolation between portions of the layer
region on each side of the column, and wherein the
charge storage potential regions for storage of
photogenerated charge packets are established in the
layer region surrounded by particular groups of four
adjacent electrodes between each pair of columns of the

pixel array.
* * * * *
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