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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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3
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





















