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METHOD FOR FABRICATING DUAL DAMASCENE PROFILES USING
SUB PIXEL-VOTING LITHOGRAPHY AND DEVICES MADE BY SAME

CROSS-REFERENCE TO RELATED APPLICATIONS
[001] This application claims the benefit of priority to U.S. provisional Patent
Application 60/950,020 filed July 16, 2007 and U.S. nonprovisional Patent Application
11/847,134 filed August 29, 2007, which are hereby incorporated by reference in their
entirety to the extent not inconsistent with the present description.

STATEMENT REGARDING FEDERALLY SPONSORED
RESEARCH OR DEVELOPMENT
[002] Not applicable.

BACKGROUND OF INVENTION
[003] Consumer demand for electronic devices capable of high operating speeds
continues to provide significant motivation for the development of integrated circuits
capable of enhanced device performance. Advanced lithographic and direct writing
patterning techniques, for example, currently enable microprocessor designs having
large scale integration of 10s to 100s of millions of microsized device components in
dense multilevel configurations. Critical to practical implementation of such high density
device geometries, however, is the development of interconnect structures capable of
establishing effective electrical interconnection of functional device components in and
between individual device levels of a multilayer electronic device. Commonly, a
complex pattern of interconnects and vias in these devices provides a communication
mechanism between functional components of the device. The electrical resistance and
parasitic capacitance associated with such complex interconnect structures is currently
a significant factor in the circuit speeds attainable in modern microprocessor systems.
Accordingly, significant research is currently directed toward developing new device
geometries, materials and processing strategies for making multilevel interconnects for

dense integrated circuits.

[004] Dual Damascene (DD) processing provides an effective means of making

complex multilayer metal structures in low-k dielectric materials useful as interconnects
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in advanced, high performance integrated circuits. In this process, multilevel recessed

features comprising interconnected horizontal trenches and vertical via structures are
generated in a low-K dielectric layer (e.g., k < 3.0)) provided on a substrate using a
combination of lithographic pattering and etching techniques. Typically, trenches are
etched to a depth of 400 to 500 nanometers and vias are etched to a depth of 500 to
800 nanometers. Trench and via structures are filled in a single metal deposition step
followed by chemical mechanical polishing to generate inlaid metal structures capable of
establishing intra-level electrical contact between device components occupying a given
device level and inter-level electrical contact between device components provided on
different device levels. Metal filled trench structures, for example, may provide for wiring
of functional device components provided on a given device level, and metal filled via
structures may provide contacts for electrically connecting different levels in a device.
Copper is a commonly used metal for Dual Damascene interconnect structures, but
attention is currently being given to incorporate higher conductivity metals, such as
silver, that are less susceptible to diffusion into low k dielectric materials. As a versatile
processing platform, Dual Damascene processing is compatible with iterative process
implementation on a single device substrate so as to access complex multilayer
structures useful for interconnecting a desired number (e.g., eight or more) of individual

device levels.

[005] A number of important advantages are provided by the Dual Damascene
processing platform. First, this process is compatible with fabrication of low resistance
interconnect structures comprising copper as the conducting material. This aspect of
Dual Damacene processing is beneficial because alternative plasma etching patterning
techniques are generally unavailable and/or unfeasible for patterning copper
interconnect structures. Second, use of a single metal deposition step for fabricating
trench and via structures provides an accurate means of aligning and registering trench
and via structures of an interconnect, thereby minimizing problems arising from device
component misalignment. Third, Dual Damascene processing realizes a net reduction
in the total number of processing steps required for interconnect formation compared to
conventional interconnect fabrication approaches. Defining trench and via structures via
Dual Damascene methods requires a single lithographic alignment step and a single
deposition step for simultaneously filing both vias and trenches. As a result of these
benefits, Dual Damascene processing continues to achieve wide commercial

implementation, particularly with respect to Very Large Scale Integrated (VLSI) and Ultra
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large Scale Integrated (ULSI) devices, such as complementary high performance metal

oxide semiconductor (CMOS) devices.

[006] Although current Dual Damascene approaches reduce the total number of
processing steps required to make complex multilevel interconnect structures, this
fabrication technique still requires a significant number of discrete processing steps
(e.g., 20-30) per layer of a multilayer electronic device. A significant component of the
processing steps required for Dual Damascene processing currently involves defining
trench and via structures in the Dual Damascene profile. There are two primary
fabrication schemes for making Dual Damascene profiles in a dielectric layer, (i) the
Trench First Dual Damascene process, and (ii) the Via First Dual Damascene process.
A Self Aligned Dual Damascene process has also been developed providing an
alternative processing route for making Dual Damascene profiles. This process
employs a complex fabrication sequence relative to Trench First and Via First
processes, however, and is currently not significantly implemented for main stream

manufacturing of semiconductor devices.

[007] Trench First and Via First Dual Damascene processing techniques each
typically employ a stack of at least three discrete layers of dielectric material comprising
a bottom most dielectric layer, etch stop layer and outer most dielectric layer. The
bottom most layer is provided on the device substrate. Via structures are etched in this
bottom most layer which is typically a silicon dioxide or other low k dielectric material
layer having a thickness of 500-700 nm. The etch stop layer, typically consisting of a
thin layer of silicon nitride (usually about 30nm), is provided on top of the bottom most
layer. Finally, an outer most dielectric layer is provided on top of the etch stop layer.
Trench structures are etched in this outermost dielectric layer, which typically consists a
silicon dioxide or other low k dielectric layer having a thickness 400-500nm.

[008] In the Trench First Dual Damascene fabrication procedure, trenches are first
defined in the outermost layer of dielectric material. In an embodiment, for example, a
layer of photoresist is first applied on the wafer having the stack of three dielectric
layers. A trench pattern is transferred on to the resist using optical lithography.
Commonly, a deep UV source or an i-line source is used, depending on the desired
trench feature sizes. Once the pattern is exposed, the wafer is immersed in a developer
solution, clearing away the exposed regions. The wafer is then anisotropically etched,
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for example using reactive ion etching (RIE). In this processing step, trench features

are etched in the outermost dielectric layer down to the etch stop layer provided
between outermost and bottom most dielectric layers of the stack After etching
processing is completed, the photoresist is stripped and a second layer of resist is
applied on to the dielectric layer stack having the pattern of trench features. The second
photoresist layer is patterned corresponding to the via structures after alignment with the
trenches etched into the outermost dielectric layer. After development processing, the
vias structures are generated via anisotropic etching, for example using reactive ion

etching (RIE), wherein the vias extend into the bottom most dielectric layer.

[009] In contrast to the Trench First Dual Damascene fabrication procedure, via
structures are patterned before the trench structures in the Via First Dual Damascene
fabrication procedure. In this process, the wafer is first coated with a layer of resist and
a pattern of a photomask corresponding to the vias is transferred on to the resist using
optical lithography. After development of the exposed layer of photoresist, via structures
are anisotropically etched completely through the three layer dielectric stack. Once the
vias are patterned, a second layer of photoresist is applied to the surface of the
dielectric stack having the etched vias structures. The second photoresist layer is
patterned using optical lithography to define the trench structures. Upon development of
the patterned second photoresist layer, trench structures are etched down to the etch
stop layer via anisotropic etching.

[010] Trench First and Via First Dual Damascene techniques are susceptible to a
number of disadvantages. First, use of multiple resist processing steps adds
considerably to the cost of commercial implementation, as the overall cost of
semiconductor device fabrication increases at an exponential rate with the number of
resist deposition, patterning developing steps in a given process. Second, Trench First
and Via First Dual Damascene require two separate anisotropic etch processing
sequences which decreases overall throughput and also significantly increases cost of
this fabrication method. Finally, the Trench First Dual Damascene fabrication procedure
requires that a second layer of resist be applied onto the wafer after defining and
etching the trench structures. Since the resist is commonly in the liquid phase it fills the
trench structures etched into the outermost dielectric layer, and therefore, commonly
does not form a uniform layer of photoresist if applied too thin. In order to get a uniform
coating, the resist layer commonly needs to be very thick, which commonly impedes
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forming very fine and/or high resolution features of the via structures in the dielectric

material.

[011] Given practical limitations of Trench First and Via First techniques employing
multiple photoresist processing steps, substantial motivation exists for development of
methods for generating Dual Damascene structures using single layer photoresist
processing. U.S. Patent No. 6,355,399 discloses methods using a gray tone mask to
form Dual Damascene profiles in a single masking and etch step involving one exposure
step. In this method, the intensity of electromagnetic radiation transmitted by a gray
scale mask is spatially modified selectively so as to define via and trench structures in a
single layer of photoresist. A single resist layer is patterned using the grayscale
photomask and, the pattern in the photoresist is subsequently transferred to a dielectric
device layer to form via structures corresponding to completely transmissive regions of
the photomask and trench structures corresponding to partially transmissive regions of
the photomask. U.S. Patent No. 5,976,968 discloses a method for making Dual
Damascene profiles using a phase-shifting photomask in conjunction with a single
photoresist process. A phase-shifting photomask is provided having opaque, semi-
transmitting and transparent regions that is capable of selectively modulating the spatial
distribution of electromagnetic radiation provided to a photoresist layer provided on top
of a tri-layer insulating layer. In the disclosed methods, phase-shifting photomask is
reported as useful for making Dual Damascene structures in the tri-layer insulating
layer. The single photoresist processing strategies described in U.S. Patents 6,355,399
and 5,976,968 lack processing flexibility, however, and also require a large photomask
library for commercial implementation. For example, specific photomasks in the library
are required for each trench and via geometry to be patterned and specific photomasks
in the library are required for processing techniques using different resist materials
and/or different resist thicknesses.

[012] It will be appreciated from the foregoing that that there is currently a need for
Dual Damacene processing methods capable of generating interconnect structures for
high performance integrated electronics. Processing methods are needed that are
capable of generating complex Dual Damascene profiles comprising networks of
integrated trench and via structures. It will also be appreciated that a need exists for
Dual Damascene processing methods using a single photoresist process and providing

Page 5 of 49



10

15

20

25

30

WO 2009/012111 PCT/US2008/069635
enhanced flexibility relative to conventional single resist Dual Damascene processing

techniques.

SUMMARY OF THE INVENTION
[013] This invention provides processing steps, methods and materials strategies for
making patterns of structures for integrated electronic devices and systems. Processing
methods of the present invention are capable of making micro-and nano-scale
structures, such as Dual Damascene profiles, recessed features and interconnect
structures, having non-uniform cross-sectional geometries useful for establishing
electrical contact between device components of an electronic device. The present
invention provides device fabrication methods and processing strategies using sub
pixel-voting lithographic patterning of a single layer of photoresist useful for fabricating
and integrating multilevel interconnect structures for high performance electronic or
opto-electronic devices, particularly useful for Very Large Scale Integrated (VLSI) and
Ultra large Scale Integrated (ULSI) devices. Processing methods of the present
invention are complementary to conventional microfabrication and nanofabrication
methods for making integrated electronics, and can be effectively integrated into existing
photolithographic, etching, and thin film deposition patterning systems, processes and

infrastructure.

[014] Methods of the present invention provide a versatile fabrication platform for
making a range of useful features (e.g., recessed features) and structures (e.g.,
interconnect structures) having non-uniform cross-sectional geometries that eliminate
the need for complex, costly and time consuming multiple photoresist deposition,
patterning and development processing steps. In an embodiment of this aspect, for
example, the invention provides a process employing deposition, patterning and
development of a single resist layer for making multilevel interconnect structures and
networks of interconnect structures. Advantages provided by the present processing
techniques include an overall reduction in the complexity and costs for making and
integrating interconnect structures for multilevel integrated circuits and an enhancement
in process throughput. The present methods are compatible with a range of patterned
materials, including conducting materials such as aluminum, copper, chromium, nickel,
platinum, titanium, tungsten, gold, tin, zinc and alloys thereof, dielectric materials,

inorganic and organic semiconductors, and optically functional materials. In specific
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embodiments, methods of the present invention provide important processing steps for

making high performance semiconductor devices, including microprocessors,
microcontrollers, memory devices, application-specific integrated circuits and other
Complementary metal-oxide—semiconductor (CMOS) and metal-oxide—semiconductor
field-effect transistor (MOSFET) devices. The present methods also provide a
fabrication platform for making a range of devices and systems other than electronic
devices, including microelectromechanical and nanoelectromechanical systems, passive
and active optical structures, opto-electronic devices and systems, and microfluidic and

nanofluidic systems.

[015] In an embodiment, the present invention provides a method of processing a
substrate wherein partially overlapping exposure of radiation is used to generate one or
more recessed features in a layer of radiation sensitive material, which are subsequently
transferred to a substrate undergoing processing. In an embodiment, a layer of
radiation sensitive material is provided on at least a portion of the substrate. A first area
of the layer of radiation sensitive material is exposed to radiation having a first intensity.
A second area of the layer of radiation sensitive material is exposed to radiation having
a second intensity; wherein the second area of the layer at least partially overlaps the
first area in an overlapping area. The layer of radiation sensitive material is developed
by removing material from regions of the layer corresponding to (e.g., underneath) the
first and second areas exposed to radiation, thereby generating a recessed feature
having a first non-uniform depth profile in the layer of radiation sensitive material. At
least a portion of the recessed feature, and optionally substantially all, having the first
non-uniform depth profile in the layer of radiation sensitive material is subsequently
transferred into the substrate; the transferring step generating a recessed feature having
a second non-uniform depth profile in the substrate, thereby processing the substrate.
Methods of this aspect of the present invention are useful for generating a recessed
feature having a selected non-uniform cross-sectional geometry in a substrate. In a
preferred embodiment, the steps of exposing first and second areas to radiation are
carried out using sub-pixel voting lithography.

[016] Optionally, the method of this aspect may further comprise the step of stripping
the radiation sensitive material remaining after the step of transferring at least a portion
of the recessed feature having the first non-uniform depth profile in the layer of radiation
sensitive material into the substrate. In an embodiment of this aspect particularly
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attractive for high-throughput and low cost processing, a single layer of radiation

sensitive material is deposited and patterned during processing in methods of the

present invention.

[017] In some methods of this aspect, the substrate is processed so as to make a
recessed feature useful for the fabrication of interconnect structures for establishing
electrical contact between inter-level and intra-level components of an electronic device.
Methods of this aspect are particularly useful for fabricating a recessed feature
comprising a Dual Damascene profile comprising an integrated trench and via structure
useful for fabricating a multilevel device interconnect structure. In an embodiment
useful for making Dual Damascene device interconnects, the recessed feature is
transferred into a dielectric layer provided on a device substrate. As will be understood
by those having skill in the art, however, the present invention includes processing
methods that are also capable of generating a plurality of recessed features, for
example a pattern of recessed features in the substrate. Recessed features generated
by methods of this aspect of the present invention may have accurately selected relative
spatial orientations and positions. This aspect of the present invention is useful for
fabricating a network of recessed features spatially aligned with respect to each other
for fabricating complex multilevel device interconnect configurations. Methods of this
aspect of the present invention further comprise steps of exposing one or more
additional areas of the radiation sensitive material to radiation prior to the developing
and transferring processing steps. This aspect of the present invention is useful for
making a plurality of recessed features in a substrate, for example a plurality of
interconnected and/or separated trench and via structures, and for making recessed
features having complex, multi-step depth profiles.

[018] In methods of this aspect of the present invention, control over the cross-
sectional profiles and relative spatial orientations of recessed features generated in the
substrate is provided by controlling a number of important process parameters. Control
of these process parameters is useful for accurately defining the physical dimensions
and positions of recessed features fabricated by the present methods. First, selection of
the areas, shapes and positions of first and second areas of the radiation sensitive
material exposed to radiation controls, at least in part, the cross-sectional geometries,
physical dimensions and positions of recessed features fabricated by the present
methods. In particular, selection of the extent of overlap of first and second areas and
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the shape of the overlapping region provides a means of controlling the depth profile of

the fabricated recessed feature. Second, selection of the intensities and spatial
distribution of intensities of radiation provided to first and second areas of the radiation
sensitive material, the net intensity provided to the overlapping area, and the thickness
of the layer of radiation sensitive material provided to the substrate surface also
provides a means of precisely controlling the cross-sectional dimensions (e.g., depth
profile and aspect ratios) of recessed features fabricated by the present methods. Third,
selection of the process conditions for transferring recessed features generated in the
photoresist into the substrate (e.g., composition and thickness of the radiation sensitive
layer, means for transferring the recessed feature in the radiation sensitive layer into the
substrate etc.) is also useful for precisely controlling the cross-sectional dimensions
(e.g., depth profile and aspect ratios) and three-dimensional shape of recessed features
fabricated in the substrate or layer provided thereon.

[019] In the present invention, at least one of the first area and the second area, and
optionally both first and second areas, is exposed to a sub-threshold level of intensity of
radiation so as to generate a recessed feature in the layer of radiation sensitive material
having a non-uniform depth profile. In the context of this description, the expression
“sub-threshold level of intensity of radiation” refers to an intensity of radiation provided to
an area of the layer of radiation sensitive material that is less than the amount of
radiation required to result in complete removal of photosensitive material along the
entire thickness of the layer corresponding to areas exposed to radiation upon the
developing step/processing. In an embodiment, the overlapping area is exposed to a
cumulative intensity of radiation equal to the sum of the first and second intensities. The
cumulative intensity provided to the overlapping area is a sub-threshold intensity in
some embodiments, or alternatively may be an intensity large enough to result in
completely removal of photosensitive material along the entire thickness of the layer
corresponding to in the overlapping area upon the developing step/processing. In an
embodiment, the cumulative intensity provided to the overlapping area is between 2 and
10 times larger than the first intensity and/or the second intensity.

[020] In an embodiment, for example, the first and second intensities are large
enough such that the overlapping area is exposed to the cumulative intensity of
radiation large enough to provide complete removal of radiation sensitive material along
the entire thickness of the layer corresponding to the overlapping area upon the
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developing step/processing, thereby opening up a portion of the substrate in the

overlapping exposed region. In an embodiment, portions of the first area and second
area do not overlap in one or more non-overlapping areas, and the first intensity, the
second intensity or both are low enough such that the non-overlapping areas are
exposed to intensities of radiation that provide only partial removal of radiation sensitive
material along the thickness of the layer corresponding to the non-overlapping areas

upon the developing step/processing.

[021] In the present methods, selection of the physical dimensions and shapes of first
and second areas of the layer of photosensitive material exposed to radiation and
selection of the first and second intensities of radiation exposed to first and second
areas, respectively, largely controls the physical dimensions and shape of the recessed
feature(s) generated in the substrate. In some embodiments, the first area is selected
from the range of 100 nanometers? and 500 microns?, the second area is selected from
the range of 100 nanometers? and 500 microns?, and the physical dimensions of the
overlapping area is selected from the range of 100 nanometers? and 100 microns?. The
extent of the overlap between first and second areas and the shape of the overlapping
area are important process parameters in the present invention which define, at least in
part, the cross sectional depth profiles of recessed features fabricated by the present
methods. In an embodiment, the overlapping area is between 2 and 10 times smaller
than the sum of the first area and the second area. In some methods of this aspect,
between about 5% to about 100% of the first area of the layer of radiation sensitive
material overlaps with the second area of the layer of radiation sensitive material, and/or
between about 5% to about 100% of the second area of the layer of radiation sensitive
material overlaps with the first area of the layer of radiation sensitive material. In an
embodiment, the second area of the layer of radiation sensitive material overlaps
completely the first area of the layer of radiation sensitive material, or the first area of
the layer of radiation sensitive material overlaps completely the second area of the layer

of radiation sensitive material.

[022] In the present invention, the physical dimensions and shape of the recessed
feature(s) generated in the layer of radiation sensitive material and the means of
transferring the recessed feature from the layer into the substrate determines, at least in
part, the physical dimensions and shape of the recessed feature(s) generated in the

substrate. In an embodiment, the transferring step comprises removing material from
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the layer of radiation sensitive material and removing material from the substrate. In

some methods, the transferring step comprises anisotropically etching a surface of the
radiation sensitive material having the recessed feature. In these methods, the layer of
radiation sensitive material functions, in part, as a mask, protecting the regions of the
substrate that are not exposed by the recessed feature. However, the radiation sensitive
material used in this process also undergoes anisotropic etching. In these methods,
therefore, etching the layer of radiation sensitive material exposes regions of the
substrate during transfer step processing which also undergo material removal via
etching. Optionally, the transferring step comprises the step of simultaneously removing
material from the radiation sensitive layer and the substrate. In an embodiment, for
example, the transferring step is carried out by simultaneously etching the patterned
layer of radiation sensitive material and regions of the substrate that are exposed by
recessed features in the patterned layer. A range of processing techniques and process
conditions may be used in the present for carrying out the transferring step, including,
but not limited to, reactive ion etching, wet etching, dry etching, photoablation, ion
milling, reactive ion beam etching (RIBE), chemically assisted reactive ion beam etching
(CAIBE), and plasma etching (PE).

[023] The non-uniform depth profile of the recessed feature(s) generated in the
substrate may be the same or different than that of the recessed feature generated in
the layer of radiation sensitive material. In an embodiment, for example, the maximum
depth of the second non-uniform depth profile of the recessed feature generated in the
substrate is 1 to 10 times that of the maximum depth of the first non-uniform depth
profile of the recessed feature generate in the layer of radiation sensitive material. In an
embodiment, the recessed feature in the layer of photosensitive material has depths
selected from the range of 10 nanometers to 10 microns and the physical dimensions
(e.g., length, width, etc.) selected from the range of 10 nanometers to 500 microns; and
the recessed feature generated in the substrate has depths selected from the range of
10 nanometers to 10 microns and the physical dimensions (e.g., length, width, etc.)
selected from the range of 10 nanometer to 500 microns.

[024] The present invention includes methods wherein additional areas of the layer of
radiation sensitive material are exposed to radiation. Additional areas exposed to
radiation may be provided in an overlapping configuration, for example, so as to
generate an additional recessed feature(s) in the substrate also having selected non-
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uniform depth profiles, such as additional integrated trench and via structures of Dual

Damascene profiles. It is important to note that the intensities provided to the additional
exposed areas in this embodiment are independently selectable with respect to the first
and second intensities provided to first and second areas, respectively. Accordingly, the
depths of the trenches can be different in different regions of the substrate. For
example, in first location on the substrate the depth of the trench could be 100 nm and
the depth of the via could be 400 nm, whereas in a second location on the substrate the
depth of the trench could be 200 nm and the depth of the via could be 300 nm. The
different depths can be obtained by selectively varying the exposure doses in selected
overlapping and selected non-overlapping areas, so that the appropriate thickness of

radiation sensitive material is left behind upon development.

[025] In an embodiment of this aspect, the method of the present invention further
comprises the steps of: (i) exposing a third area of the layer of radiation sensitive
material to radiation having a third intensity, wherein the third area does not overlap the
first area and the second area; and (ii) exposing a fourth area of the layer of radiation
sensitive material to radiation having a fourth intensity; wherein the third area does not
overlap the first area and second area, and wherein the fourth area of the layer at least
partially overlaps the third area in an overlapping area. The developing step generates
an additional recessed feature in the layer of radiation sensitive material, the additional
recessed feature in the layer of radiation sensitive material having a third non-uniform
depth profile; and wherein the transferring step generates an additional recessed feature
in the substrate, the additional recessed feature in the substrate having a fourth non-
uniform depth profile. In an embodiment of this aspect, the recessed feature having the
second non-uniform depth profile is a first integrated trench and via structure in the
substrate, and the additional recessed feature having the fourth non-uniform depth
profile is a second integrated trench and via structure in the substrate, the first
integrated trench and via structure having the same depth profile or having a different
depth profile of that the second integrated trench and via structure. In an embodiment
of this aspect, the third intensity does not equal the first intensity, the fourth intensity
does not equal the second intensity or the third intensity does not equal the first intensity

and the fourth intensity does not equal the second intensity.

[026] Alternatively, additional areas exposed to radiation may be provide in a non-
overlapping configuration, for example, so as to generate additional recessed features in
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the substrate having uniform depth profiles such as additional trench or via structures.

In an embodiment, the method further comprises the step of exposing one or more
additional areas of the layer of radiation sensitive material to radiation having a third
intensity; wherein the one or more the additional areas of the layer do not overlap either
the first area or the second area; wherein the developing step generates one or more
additional recessed features having a first uniform depth profile in the layer of radiation
sensitive material, wherein the transferring step generates one or more additional
recessed features having a second uniform depth profile in the substrate. In some
methods of this embodiment, the third intensity provided to additional areas is
substantially equal to (within 10% of each other) the first intensity provided to the first
area or the second intensity provided to the second area. In some methods of this
embodiment, the third intensity provided to additional areas is substantially equal to
(within 10% of each other) a cumulative intensity of radiation equal to the sum of the first

and second intensities.

[027] In another embodiment useful for making recessed features having a multi-step
depth profile, three or more areas of the layer of radiation sensitive material are exposed
to radiation, wherein the exposed areas overlap in a manner resulting in formation of a
multi-step recessed feature in the layer that is subsequently transferred to the substrate.
In this context, the expression “multi-step depth profile” refers to a depth profile having
features corresponding to two or more stepped depth transitions. In an embodiment of
this aspect, for example, the method further comprises the step of exposing one or more
additional areas of the layer of radiation sensitive material to radiation having a selected
intensity; wherein one or more of the additional areas of the layer overlap the first area,
the second area or both of the first and second areas. Developing and transferring
steps carried out after the exposure steps generate recessed features in the layer of
radiation sensitive material and substrate having the same or different multi-step depth
profiles. Methods of this aspect of the present invention are particularly attractive for

generating complex multilevel interconnect structures.

[028] In another aspect, the method of the present invention further comprises the
step of depositing material onto the recessed feature in the substrate having the second
non-uniform depth profile, thereby generating a structure at least partially embedded in
the substrate. This aspect of the present invention is particularly useful for making

interconnect structures having a selected non-uniform cross-sectional geometry that are
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at least partially embedded in a substrate or a dielectric layer provided on a substrate.

The material deposited onto the recessed feature having the second non-uniform depth
profile may be one or more materials selected from the group consisting of a conductor,
a semiconductor and a dielectric material. In an embodiment, the structure comprises
an electrical interconnect structure and the deposited material is one or more conductive
materials. As will be understood by those having skill in the art, a variety of methods
may be used in the present invention for carrying out the depositing step including, but
not limited to, physical vapor deposition, chemical vapor deposition, ion beam sputtering
deposition, plasma enhanced chemical thin film deposition, electron beam evaporation
deposition, atomic layer deposition, and thermal evaporation deposition. In an
embodiment of this aspect, the method further comprises the step of etching the
material deposited onto the recessed feature, mechanically polishing the material
deposited onto the recessed feature, and/or chemical mechanical polishing the material
deposited onto the recessed feature or any combination of these, thereby generating the

structure fully embedded in the substrate.

[029] First and second areas of the layer of photosensitive material exposed to
radiation may have the same or different physical dimensions (e.g., length, width, area)
and/or shapes (e.g., rectangular, circular, ellipsoidal, square, triangular, or any
combination of these shapes). In embodiments particularly useful for making
interconnects for an electronic device, the first area has a shape corresponding to
trench structures in a Dual Damascene profile, and the second area completely overlaps
the first area and has a shape corresponding to via structures in a Dual Damascene
profile. The positions of first and second areas of the layer of photosensitive material
may be preselected and defined relative to each other so as to control the cross-
sectional geometry of the structure fabricated by the present methods. In an
embodiment, for example, the second area is smaller than, and entirely overlapping

with, the first area, and is provide at a preselected position within the first area.

[030] Radiation exposed to layers of radiation sensitive material may comprise
electromagnetic radiation, including UV and/or visible electromagnetic radiation, and/or
electrons, such as electrons provided by a beam of electrons, x-rays and/or ions, such
as ions provided by a beam of ions. In the present methods, the first intensity exposed
to the first area of the layer of radiation sensitive material and the second intensity
exposed to the second area of the layer of radiation sensitive material may be
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substantially the same (e.g., within about 10%) or may be different. In some

embodiments, the first intensity is provided uniformly across the first area, and the
second intensity is provided uniformly across the second area, thereby resulting in
uniform exposure of the overlapping area to radiation.

[031] As will be understood by those having ordinary skill in the art, the steps of
exposing the first area of the layer of radiation sensitive material to radiation having a
first intensity and exposing the second area of the layer of radiation sensitive material to
radiation having a second intensity can be carried via a number of techniques known in
the art of lithographic processing. Useful exposure techniques for generating structures
having physical dimensions selected with high accuracy and precision include, but are
not limited to, sub pixel voting lithography, electron beam lithography, optical
lithography, i-line lithography, deep ultraviolet light lithography, X-ray lithography,
extreme UV lithography, ion beam lithography, optical maskless lithography using
spatial light modulators and other next-generation lithography technologies. For some
applications of the present invention, patterning of the layer of radiation sensitive
material is carried out using one or more maskless lithography techniques, such as sub-
pixel voting lithography. In an embodiment, for example, the steps of exposing the first
area of the layer of radiation sensitive material to radiation having a first intensity and
exposing the second area of the layer of radiation sensitive material to radiation having
a second intensity is achieved using maskless lithography. Benefits provided by use of
maskless lithography techniques, such as sub-pixel voting lithography, include that no
physical alignment step is necessary between different exposure steps and exposure
doses can be controlled with high precision, thereby resulting in lower net
implementation costs and higher processing efficiency.

[032] As will be understood by one having skill in the art, a variety of development
processing steps and processing conditions are useful in the present invention,
including contacting the layer of photosensitive materials with one or more developers
(e.g., solvents), liquid phase development techniques, gas phase development
techniques, etching development or combinations of these techniques. In an
embodiment, the developing step comprises dissolving at least a portion of the layer of
radiation sensitive material corresponding to the first and second areas exposed to
radiation. In an embodiment, the radiation-sensitive material used during processing is

a resist, for example a resist selected from the group consisting of: an electron-beam
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resist, a negative photoresist, and a positive photoresist. In some methods of the

present invention, the thickness of the layer of radiation sensitive material is selected

from the range of 100 nanometers to 500 microns.

[033] Substrates useful in the present invention can be virtually any composition,
including wafer substrates, thin film device substrates, flexible substrates, polymer
substrates, ceramic substrates and glass substrates. The present methods are
compatible with planar substrates and substrates having a contoured surface, such as
convex and concave substrates. Substrates useful in the present methods include
device substrates, for example, device substrates prepatterned with functional device
components. In an embodiment, the substrate of the present invention comprises layer
of dielectric material, such as a layer of low k dielectric, that is provided on a device
substrate. In embodiments of this aspect, the present methods enable fabrication of

interconnect structures embedded in the layer of dielectric material.

[034] The present methods may be used to make a wide range of structures,
including recessed features and structures embedded in a substrate or layer provided
thereon. Structures fabricated by the present invention include device components,
such as electrical interconnects, for integrated electronic circuits, thin film transistor
devices, sensors, semiconductor devices, RF devices, photovoltaic devices, high power
devices, memory devices, display devices and light emitting devices. Use of a
deposition material comprising one or more electrical conductors, such as aluminum,
copper, chromium, nickel, platinum, titanium, tungsten, gold, tin, and zinc is beneficial
for methods of the present invention useful for making interconnect structures.
Conductors may be deposited in discrete layers or deposited as a single unitary layer.
The present invention optionally includes deposition of adhesion layers to enhance the
mechanical adhesion of the structure to the substrate, and/or use of additional layers to

enhance electrical contact of the structure to the substrate.

[035] The present methods are useful for making a wide range of electronic devices
and device arrays including, but not limited to, a transistor or array thereof, memory
device, sensor, diode or array thereof, liquid crystal device, display device, optical
source, microprocessor, microcontroller, a microfluidic system, a nanofluidic system, a
nanoelectromechanical system, a microelectromechanical system, a wave guide, an

optical system, an electro-optical system and interconnect structure. The present
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invention includes methods of establishing electrical contact between inter-level and/or

intra-level device components of an integrated circuit. Methods of the present invention
are particularly useful for making and integrating embedded interconnect structures,
such as filled trench structures, filled via structures and filled integrated trench and via

structures.

[036] In another aspect, the present invention provides an electronic device
component made by a method comprising the steps of: (i) providing a layer of radiation
sensitive material on at least a portion of the substrate; (ii) exposing a first area of the
layer of radiation sensitive material to radiation having a first intensity; (iii) exposing a
second area of the layer of radiation sensitive material to radiation having a second
intensity; wherein the second area of the layer at least partially overlaps the first area in
an overlapping area; (iv) developing the layer of radiation sensitive material by
removing material from regions of the layer corresponding to the first and second areas,
thereby generating a recessed feature having a first non-uniform depth profile in the
layer of radiation sensitive material; (v) transferring at least a portion of the recessed
feature having the first non-uniform depth profile in the layer of radiation sensitive
material into the substrate; the transferring step generating a recessed feature having a
second non-uniform depth profile in the substrate; (vi) stripping the remaining radiation-
sensitive material; and (vii) depositing material onto the recessed feature having the
second non-uniform depth profile, thereby generating a structure at least partially
embedded in the substrate. In an embodiment of this aspect, the deposited material is a
conductor, such as a metal, and the electronic device component fabricated is electrical

interconnect structure of an integrated circuit.

[037] In another aspect, the present invention provides an electronic device made by
a method comprising the steps of: (i) providing a layer of radiation sensitive material on
at least a portion of the substrate; (ii) exposing a first area of the layer of radiation
sensitive material to radiation having a first intensity; (iii) exposing a second area of the
layer of radiation sensitive material to radiation having a second intensity; wherein the
second area of the layer at least partially overlaps the first area in an overlapping area;
(iv) developing the layer of radiation sensitive material by removing material from
regions of the layer corresponding to the first and second areas, thereby generating a
recessed feature having a first non-uniform depth profile in the layer of radiation
sensitive material; (v) transferring at least a portion of the recessed feature having the
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first non-uniform depth profile in the layer of radiation sensitive material into the

substrate; the transferring step generating a recessed feature having a second non-
uniform depth profile in the substrate; (vi) stripping the remaining radiation-sensitive
material; and (vii) depositing material onto the recessed feature having the second non-
uniform depth profile, thereby generating a structure at least partially embedded in the
substrate. In an embodiment of this aspect of the present invention, the electronic
device is an integrated circuit and the at least partially embedded structure is an
interconnect structure for establishing electrical contact between inter-level and intra-

level device components.

[038] Without wishing to be bound by any particular theory, there can be discussion
herein of beliefs or understandings of underlying principles relating to the invention. It is
recognized that regardless of the ultimate correctness of any mechanistic explanation or
hypothesis, an embodiment of the invention can nonetheless be operative and useful.

BRIEF DESCRIPTION OF THE DRAWINGS
[039] Figure 1 illustrates the use of overlapping exposure of selected areas of a resist
layer for making Dual Damascene integrated trench and via features and embedded

multilevel interconnect structures.

[040] Figure 2 provides a schematic illustrating additional processing steps of
methods of the present invention, including development, transfer, stripping and
deposition steps.

[041] Figure 3 shows a CAD layout design of exposure areas useful for fabricating a
Dual Damascene profile in combination with a trench feature in a substrate, for example

in a layer of dielectric material provided on a device substrate.

[042] Figure 4 provides a schematic illustration of processing steps for making a
spatially aligned Dual Damascene profile and trench in the same substrate or layer
provided thereon.

[043] Figure 5 provides another process flow schematic showing processing steps for
making a network of interconnect structures comprising a spatially aligned Dual
Damascene profile and trench feature in the same substrate or layer provided thereon.
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[044] Figure 6 provides a process flow schematic illustrating the processing steps

involved in making a Dual Damascene profile in a dielectric stack, for example, a

dielectric stack provided on a device substrate.

[045] Figure 7 provides a process flow schematic showing processing steps for
making a Dual Damascene profile in a dielectric stack wherein trench and via features
are provided in different dielectric layers.

[046] Figure 8 illustrates the use of overlapping exposure of selected areas of a resist
layer for making a Dual Damascene profile and an embedded multilevel interconnect

structure having a multi-step cross sectional geometry.

[047] Figure 9 provides a schematic illustrating additional processing steps of
methods of the present invention for making a Dual Damascene profile and an
embedded multilevel interconnect structure having a multi-step cross sectional

geometry, including development, transfer, stripping and deposition steps..

[048] Figure 10 shows a Scanning Electron Micrograph of a DD profile formed in

silcon oxide using SPV lithography.

DETAILED DESCRIPTION OF THE INVENTION
[049] Referring to the drawings, like numerals indicate like elements and the same
number appearing in more than one drawing refers to the same element. In general the
terms and phrases used herein have their art-recognized meaning, which can be found
by reference to standard texts, journal references and contexts known to those skilled in
the art. The following definitions are provided to clarify their specific use in the context of

the invention.

[050] “Intensity” refers to the time average energy flux of electromagnetic radiation,
electrons or ions, for example the number of photons, electrons or ions per square
centimeter per unit time, or the net number of photons, electrons or ions per square

centimeter for a specified time interval. Intensity can be specific per unit area.

[051] The expression “sub-threshold level of intensity of radiation” refers to an
intensity of radiation provided to an area of the layer of radiation sensitive material that
is less than the amount of radiation required to result in completely removal of
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photosensitive material in the exposed area along the entire thickness of the layer upon

developing.

[052] The expression “non-uniform depth profile” refers to the physical dimensions of
recessed features of the present invention wherein the depth of the recessed features
varies in one or two spatial dimensions (e.g. longitudinal and/or lateral dimensions such
as length and width). In some embodiments, recessed features in a layer of radiation
sensitive material having a non-uniform depth profile are generated in the present
methods and subsequently transferred in to a substrate, or layer thereon, undergoing
processing. In some embodiment, some portions of a recessed feature extend the
entire thickness of the layer of radiation sensitive material and other portions of the
recessed feature do not extend the entire thickness of the layer of radiation sensitive
material. Recessed features having a non-uniform depth profile are useful in methods
of the present invention for making structures having non-uniform cross-sectional
geometries including, but not limited to, Dual Damascene profiles and device
components such as, electrical interconnects and networks of electrical interconnects

for integrated circuits.

[053] “Transferring a recessed feature into a substrate” refers to a process wherein
at least a portion of a recessed feature generated in a layer of radiation sensitive
material is at least in part reproduced in a substrate undergoing processing, or layer
provided thereon. In this context, transferring a recessed feature includes processes
wherein the recessed feature generated in the substrate has substantially the same
physical dimensions, such as depths and/or depth profiles, as that of the recessed
feature in the layer of radiation sensitive material. Alternatively, transferring a recessed
feature also refers to processes wherein recessed features the recessed feature
transferred to the substrate has different physical dimensions, such as different depths
and/or depth profiles, as that of the recessed feature in the layer of radiation sensitive
material. In some embodiments, a recessed feature in a layer of radiation sensitive
material is transferred to a substrate via processing wherein material is removed from
the layer of radiation sensitive material and the substrate, optionally by processing
wherein material is simultaneous removed from the layer of radiation sensitive material
and the substrate for at least some portion of the transfer step. In some embodiments,
a recessed feature is transferred from a layer of radiation sensitive material to a

substrate by anisotropically etching the layer of radiation sensitive material and the
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substrate. In an embodiment, for example, an external surface of the layer of radiation

sensitive material having the recessed feature is anisotropically etched so as to expose
regions of the substrate positioned underneath the recessed feature. In these
embodiments, regions of the substrate also undergo anisotropic etching as they are
exposed by etching of the layer of radiation sensitive material having the recessed
feature. As will be understood by those having skill in the art, the present invention
includes a range of processing techniques for transferring a recessed feature in a layer
of radiation sensitive material into a substrate including, but not limited to, reactive ion
etching, wet etching, dry etching, photoablation, ion milling, reactive ion beam etching
(RIBE), chemically assisted reactive ion beam etching (CAIBE), and plasma etching
(PE).

[054] The expression “non-uniform cross-sectional geometry” refers to a feature
(e.g., recessed feature) or structure having a cross sectional dimension, such as
thickness, that varies in one or two spatial dimensions (e.g. longitudinal and/or lateral
dimensions such as length and width). Structures having a non-uniform cross-sectional
geometry of the present invention include embedded structures wherein the thickness of
the structure varies along the length and/or width of the structure and/or wherein the
cross sectional profile of the structure is not uniform along the length and/or width of the
structure. Structures having a non-uniform cross-sectional geometry of the present
invention include, but are not limited to, interconnect structures for integrated circuits.
Features of the present invention having non-uniform cross-sectional geometries include
recessed features generated in substrates, such as Dual Damascene profiles and/or

integrated trench and via structures.

[055] In the following description, numerous specific details of the devices, device
components and methods of the present invention are set forth in order to provide a
thorough explanation of the precise nature of the invention. It will be apparent, however,
to those of skill in the art that the invention can be practiced without these specific
details.

[056] The present invention provides methods for making recessed features having
non-uniform cross-sectional geometries in substrates and methods for making
embedded structures in substrates having non-uniform cross-sectional geometries. In

some applications, the present methods are capable of making Dual Damascene
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profiles and interconnect structures using a single layer of radiation sensitive material,

such as a single resist layer. In some methods, Sub-Pixel Voting (SPV) lithography is
used to provide partial overlapping exposures of a layer of radiation sensitive material in
order to generate recessed features in a substrate having non-uniform cross-sectional

geometries.

[057] The description that follows provides an explanation of embodiments of the
present invention useful for making interconnect structures embedded in a substrate
wherein the interconnect structure has a non-uniform cross-sectional geometry. The
processes exemplified below include sub pixel voting lithography wherein exposure of
selected overlapping areas of a layer of radiation sensitive material to sub-threshold
intensities of radiation is used to generate recessed features having a non-uniform
depth profile. It must be noted that the present methods can also extend to any other
possible lithography exposure schemes, such as electron beam lithography (EBL), i-line
lithography, deep ultraviolet lithography (DUV) etc.

[058] For the purpose of this description, we assume that a 100% dose of radiation is
required for complete removal upon development of a region of the layer of radiation
sensitive material corresponding to an exposed area (i.e., removal of all material
extending along the entire thickness of the layer corresponding to the area exposed to
radiation). Accordingly, a dose of less than 100% refers to a dose of radiation that
results in incomplete removal upon developing of the layer of photosensitive material
corresponding to the exposed area (i.e., development results in not a complete removal
of material extending along the entire along the entire thickness of the layer
corresponding to the area exposed to radiation). For the sake of clarity, the convention
“XXX% dose” refers to a dose of radiation referenced relative to the 100% dose, thus a
50% dose is 50% of a 100% dose, a 20% dose is 20% of a 100% dose and so forth. In
the context of this description, the layer of radiation sensitive material may be referred
to, and/or exemplified as, a “photoresist’, a “resist”, a “positive resist”, a negative resist

and layers thereof.

[059] In an embodiment, a layer of resist is first applied to a receiving surface of the
substrate that is subject to processing. Optionally, the layer of resist is baked prior to
exposure to radiation to provide enhanced mechanical stability. Selected areas of the

resist layer are subsequently exposed to radiation, for example, using one or more of
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the exposure methods referenced above. In the case of EBL, for example, a rectangle

of selected dimensions (e.g., length and width) is patterned into the resist layer by
exposure to a selected intensity of electrons. In an embodiment, for example, the
rectangle is patterned by EBL writing using a sub-threshold intensity of electrons, for
example using a 50% dose of radiation. Once the rectangle is patterned, a square is
pattern via EBL using a sub-threshold intensity of electrons, for example a 50% dose of
radiation. In an embodiment useful for making an integrated trench and via recessed
feature, the square is patterned in such a way that it completely overlaps the first
rectangle patterned into the resist layer provided on the substrate. The portion of the
rectangle pattern that overlaps the square pattern receives a larger dose of radiation
that the non-overlapping area of the rectangle pattern. Therefore, a greater extent of
the thickness of the resist layer corresponding to the overlapping area is removed upon
development than in areas corresponding to the non-overlapping area of the rectangle.

[060] In the present specific example, the overlapping area receives a 100% dose,
and thus the entire thickness of the resist layer corresponding to the overlapping area is
removed upon development. In contrast, the area of patterned rectangle that does not
overlap the patterned square receives only a 50% dose of radiation, and therefore
undergoes incomplete material removal upon developing. Once the sample is
developed, therefore, portions of the resist that received the 100% dose of radiation are
entirely removed. In contrast, areas of the resist that received the 50% dose of radiation
are incompletely removed. For example, the nonoverlaping areas of the patterned
rectangle may be removed to half the thickness of the resist layer, or in some
embodiments may be removed to more than half of the thickness of the original resist
layer (but less than the entire thickness) or less than half of the thickness of the original
resist layer depending on the contrast of the developer and on the properties of the
resist itself. In the present invention, the contrast of the developer can be controlled
both chemically and thermally. Accordingly, developing results in formation of a
recessed feature in the resist layer having a non-uniform depth profile. In this example,
the rectangle pattern of the recessed feature corresponds to the trench structure to be
transferred to the substrate and the square pattern of the recessed feature corresponds
to the via structure to be transferred to the substrate. Although doses of 50% (non-
overlapping areas) and 100% (overlapping areas) are exemplified in this description,
any combination of doses can be employed in the present methods having at least one
sub-threshold dose patterned into the resist layer.
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[061] After developing, the recessed feature in the resist layer is transferred into the

substrate. In an embodiment, this transfer process is achieved using anisotropic
etching, for example using reactive ion etching. In the transfer processing step, the
resist layer functions, in part, as an etch mask, by masking the regions of the substrate
that are not exposed (e.g., opened up) upon formation of the recessed feature in the
resist layer. Exposed regions of the substrate not covered by patterned resist layer are
subject to etching upon this process step. It is important to note, however, that the resist
does not function as a perfect etch mask, as it also undergoes etching, optionally at a
slow rate. This property of the patterned resist layer is exploited in the present transfer
processing step, as transfer processing of some embodiments makes use of
simultaneous material removal of the resist layer and the substrate. As the etching
process is carried out, for example, the area of the resist that received only a 50% dose
of radiation is etched and at some point is completely removed, thereby exposing
additional regions of the underlying substrate to the etchant. Accordingly, upon
complete removal of the regions of the photoresist corresponding to areas exposed to
the 50% dose of radiation, etching is initiated in the newly exposed areas of the
substrate. At some stage the T-shaped depth profile in the resist is transferred to the
underlying substrate, for example transferred to a layer of dielectric material provided on
a device substrate. After etching is completed, a vertical cross section of the substrate
has a dual Damascene profile. Optionally, the resist layer remaining after the transfer
process is removed, for example via stripping. To fabricate an interconnect structure, a
high conductivity metal such as copper is deposited over the entire wafer so as to fill the
recessed feature transferred to the substrate. After the trenches and the vias are filled
with metal, excess metal is removed, for example using a chemical mechanical

polishing (CMP) processing step.

[062] In some embodiments, patterning is carried out using sub pixel voting
lithography techniques implemented with a maskless system using a spatial light
modulator (SLM). For example, the rectangle can be patterned with a selected dose
(e.g., 50% dose) by turning ‘on’ the required pixels and the square feature can also be
patterned with a selected dose (e.g., 50% dose) by turning ‘on’ the required pixels.

[063] As will be evident to those having skill in the art, doses of radiation other than a
50% dose can readily used in the present invention, including various combinations of
doses exposed to first and second areas (e.g., rectangle and square areas) and
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additional areas, including but not limited to various combinations of 5%,10%, 15%,

20%, 25%, 30%, 35%, 40%, 45%, 50%, 55%, 60 %, 65%, 70%, 75%, 80%, 85%, 90%,
95% and 100%. An important requirement for some processing methods, however, is
that the non-overlapping area is exposed to a sub-threshold intensity (e.g., dose less
than 100%). In some embodiments, the resist material is selected to provide a certain
depth of the recessed feature in the resist for a certain exposure, for example a 50%
dose need not mean that it lowers the height in the resist by 50% after development; it
could have lowered the height of the resist by 90%.

[064] An advantage of the present invention is that it makes use of a single layer of
resist. This advantage not only reduces the complexity in making the above mentioned
profiles but also significantly reduces the costs associated with purchasing additional
resists and developers for the resists. The present methods also improve throughput
because both trenches and vias are etched in the same step. The present methods are
particularly attractive for Dual Damascene processing because not only are the trenches

and vias simultaneously deposited with metal but they are also simultaneously etched.

[065] Specific embodiments of the present invention are further described and set
forth by reference to the Figures.

[066] Figure 1 illustrates the use of overlapping exposure of selected areas of a resist
layer for making Dual Damascene integrated trench and via features and embedded
multilevel interconnect structures. The exposure areas exemplified in Figures 1A and
1B correspond to areas of a resist layer provided on a substrate undergoing processing
that are exposed to radiation (as shown in Figure 2). Figure 1A illustrates the
dimensions and shape of a first area of the resist layer exposed to a selected intensity of
radiation comprising rectangle 1, and the dimensions and shape of a second area of the
resist layer exposed to radiation comprising square 2. Figure 1B shows the spatial
arrangement of rectangle 1 and square 2 useful for making recessed features and
embedded structures having a non-uniform cross sectional profile. As shown in Figure
1B, the exposed first and second areas are positioned so as to provide overlap between
rectangle 1 and square 2. Specifically, square 2 is positioned such that it entirely
overlaps rectangle 1, as shown in Figure 1B. This overlap configuration is particularly
useful for making a recessed feature in the substrate corresponding to a Dual
Damascene profile comprising integrated trench and via features.
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[067] In a specific embodiment, rectangle 1 and square 2 are both patterned in the

resist layer using a 50% dose of radiation, and are positioned to overlap in the manner
shown in Figure 1B. Although a 50% does is exemplified, any sub-threshold dose is
useable in this specific embodiment of the present invention. Overlapping region 3
corresponds to the entire area square 2, as shown in Figure 1B, and as a result of the
overlap of rectangle 1 and square 2, overlapping region 3 is exposed to a cumulative
intensity of radiation corresponding to a 100% dose radiation. Once lithographic
patterning via exposure of rectangle 1 and square 2 to selected intensities of radiation is
completed, the patterned resist layer is subsequently developed so as to generate a
recessed feature in the layer of resist having a non-uniform depth profile (See, e.g., Fig.
2).

[068] Figure 2 provides a schematic illustrating additional processing steps of
methods of the present invention, including development, transfer, stripping and
deposition steps. Figure 2A provides a cross sectional view of the resist layer 5 provided
on the substrate 4 undergoing processing. As discussed in the context of Figure 1,
resist layer 5 is lithographically patterned using overlapping exposure of rectangle 1 and
square 2. Figure 2B shows a cross sectional view the resist layer 5 and substrate 4
upon developing the patterned resist layer 5. As shown in Figure 2B, developing
removes material from the patterned resist layer 5 in first and second areas exposed to
radiation. Development may be carried out by any means known in the art including via
dissolution using developers and developing agents.

[069] As shown in Figure 2B, the non-overlapping area of the first exposed area
corresponding rectangle 1 that received a net 50% dose of radiation is reduced to a half
or lower than half of the original thickness due to incomplete removal of resist during
developing. In contrast, the overlapping area 3, corresponding to square 2 provided in
an entirely overlapping configuration, undergoes complete development and, hence,
resist is completely removed along the entire thickness of the resist layer 5 in a region
corresponding to the overlapping area. As a result of development, therefore, a region
6a of the substrate 4 is exposed corresponding to the overlapping area of patterned first
and second areas. The result of developing, as shown in Figure 2B, is generation of a

recessed feature 6 in the resist layer 5 having a non-uniform, T-shaped depth profile.
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[070] Figures 2C and 2D schematically illustrates a transfer process of the present

invention wherein recessed feature 6 in the resist layer 5 is transferred to substrate 4.

In the embodiment shown in this Figure, patterned resist layer 4 and exposed regions of
the substrate 4 are simultaneously anisotropically etched (schematically represented by
arrows 7). In a specific embodiment, for example, anisotropic etching is carried out
using by RIE. As shown in Figure 2C, resist layer 5 having recessed feature 6
functions, in part, as an etch mask, initially allowing etching of the substrate only in the
region 6a exposed by the recessed feature in the resist layer. The composition of resist
layer 5 is selected, however, such that it also undergoes etching. Therefore, at some
point during the transfer process, etching of resist layer 5 exposes additional regions of
the substrate corresponding to the nonoverlaping area of rectangle 1 which received the
50% dose during lithographic patterning. Upon exposure, these newly exposed regions
of the substrate 4 also are subjected to anisotropic etching, thereby generating a
recessed feature 8 in substrate 4 having a T-shaped, non-uniform depth profile.

[071] As illustrated by Figure 2D, upon completion of the anisotropic etch processing,
the T-shaped profile 6 in resist layer 5 is now transferred to the substrate 4. This
transfer process generates recessed feature 8 in substrate 4 having a non-uniform
depth profile. It is important to note that the physical dimensions of recessed feature 6
in resist layer 5 and recessed feature 8 in substrate 4 can differ depending on
differences in the etch rates of the resist 5 and the substrate 4. In some embodiments,
for example, the depth profiles, aspect ratios and/or maximum depths of recessed
feature 6 in resist layer 4 differ from those of recessed feature 8 in substrate 4. In the
process exemplified by Figures 1 and 2, recessed feature 8 in substrate 4 has a non-
uniform depth profile corresponding to a Dual Damascene profile with integrated trench

and via features.

[072] After transfer processing, the remaining resist layer 5 is subsequently removed,
for example via stripping. The result of this stripping step is schematically illustrated in
Figure 2E, showing substrate 4 having recessed feature 8 without a resist layer 5. In
applications for making device interconnect structures, a high conductivity metal, such
as copper or silver, is deposited on the surface of the substrate having recessed feature
8. The present invention also includes, however, the use of one or more deposited
adhesion layers to enhance deposition of metal onto the recessed feature 8. This

deposition processing step results in filling the recessed feature 8 with the high
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conductivity metal, thereby making a structure 9 at least partially embedded in substrate

4, as shown in Figure 2F. Optionally, excess metal, such as metal provided to surfaces
of the substrate other than the recessed feature, is removed, for example via CMP. The
result of this processing sequence is fabrication of embedded structure 9, comprising an
interconnect structure, such as an integrated filled trench and filled via structure.

[073] It should be noted that when optical lithography is used to make trenches and
vias, the underlying metal layers are commonly coated with anti reflection coatings
(ARC). The schematics here do not illustrate any ARCs for the sake of simplicity.

[074] Figure 3 shows a CAD layout design of exposure areas useful for fabricating a
Dual Damascene profile in combination with a trench feature. Figure 3A illustrates the
dimensions and shape of a first area of the resist layer exposed to a selected intensity of
radiation comprising rectangle 1, the dimensions and shape of a second area of the
resist layer exposed to radiation comprising square 2, and the dimension and shape of a
third area of the resist layer exposed to radiation comprising rectangle 10. Figure 3B
shows the spatial arrangement of rectangle 1, square 2 and rectangle 10 useful for
making spatially aligned Dual Damascene profile and trench features. As shown in
Figure 3B, during exposure to radiation rectangle 1 and square 2 are positioned to
overlap (similar to the configuration shown in Figure 1B), and rectangle 10 is positioned
SO as not to overlap either rectangle 1 and square 2. In a specific embodiment,
rectangle 1 and square 2 are both patterned with a 50% dose of radiation and the third
area comprising rectangle 10 is patterned with 100% dose of radiation. These exposure
intensities are useful for generating a trench feature that extends substantially the same
(e.g., within 10%) depth as the via feature in the Dual Damascene profile. Alternatively,
rectangle 1 and square 2 are both patterned with a 50% dose and the third area
comprising rectangle 10 is patterned with 50% dose, so as to generate a trench feature
that extends substantially the same (e.g., within 10%) depth as the trench feature in the

Dual Damascene profile (See, e.g., Fig. 5).

[075] Figure 4 provides a schematic illustration of processing steps for making
spatially aligned Dual Damascene profile 8 and trench 11 using the exposure
configuration shown in Figure 3B. Similar to the process flow schematic shown in
Figure 2, the process combines exposure, development, transfer, stripping and
deposition steps. As shown in Figure 4A, resist layer 5 is provided on substrate 4 and
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subsequently patterned via exposure to radiation of first, second and third areas

schematically illustrated in Figure 3B. As shown in Figure 4B, development of the
exposed resist layer results in formation of two spatially aligned recessed features: (i) a
first recessed feature 6 having a T-shaped, non-uniform depth profile, and (ii) a second
recessed feature 6¢ having a uniform depth profile.

[076] As shown in Figure 4C, the spatially aligned recessed features in the resist layer
are subsequently transferred into the substrate, for example using anisotropic etching
(as schematically illustrated by arrows 7). This transfer process is carried out in a
manner similar to that described in the context of Figure 2C, and results in formation of
Dual Damascene profile 8 comprising integrated trench and via features and trench
feature 11. As shown in Figures 4D and 4E, trench feature 11 extends a depth into
substrate 4 substantially equal to (within 10%) the depth of the via feature of Dual
Damascene profile 8. The remaining resist layer 5 is removed, for example, via
stripping, thereby generating substrate 4 having the spatially aligned Dual Damascene
profile 8 and trench feature 11 without resist layer 5. To generate a network of
interconnect structures, a deposition step is used to, optionally simultaneously, fill Dual
Damascene profile 8 and trench 11. As described in the context of Figure 2, optionally,
the excess metal provided to surfaces of the substrate other than the recessed features
is removed, for example via CMP processing. As shown in Figure 4F, the deposition
processing step results in a network of interconnect structures comprising a filled
integrated trench and via 9A and a filled trench 9B. A benefit of this processing method
of the present invention is that a network of interconnect structures are fabricated with

preselected spatial positions and orientations with respect to each other.

[077] Figure 5 provides another process flow schematic showing processing steps for
making a network of interconnect structures comprising a spatially aligned Dual
Damascene profile 8 and trench feature 13. As shown in Figure 5, the Dual
Damascene profile 8 comprises integrated trench and via features, and trench feature
13 extends a depth into substrate 4 substantially equal to (within 10%) the depth of the
via feature of Dual Damascene profile 8. This interconnect configuration is achieved by
patterning the trench 13 with a 50% dose of radiation, and patterning the Damascene
profile 8 as described above in the context of Figures 1 — 4. As described in the context
of Figures 2C and 4C, recessed features in the resist layer 5 are transferred into the
substrate 4, for example using anisotropic etching, thereby generating Dual Damascene
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profile 8 and trench 13. As shown in Figures 5D and 5E, the depth of trench 13 is

substantially the same as the depth of the trench feature in the Dual Damascene profile
8. As discussed in the context of Figures 2F, 4F, and 5F, trench 13 and Dual
Damascene profile 8 can subsequently be filled with one or more metals and processed
via CMP to generate an embedded network of interconnect structures. As shown in
Figure 5F, the deposition processing step results in a network of interconnect structures
comprising a filled integrated trench and via 9A and a filled trench 9C. In combination,
Figures 4 and 5 illustrate the versatility of the present method wherein the physical
dimensions, shapes, depths and depth profiles, and/or cross-sectional geometries of
recessed features and interconnect structures are accurately and independently
controllable via selection of the exposure conditions, resist composition and thickness,
substrate composition and process conditions for transfer of recessed features into the
substrate.

[078] Figure 6 provides a process flow schematic illustrating the processing steps
involved in making a Dual Damascene profile in a dielectric stack, for example, a
dielectric stack provided on a device substrate. In an embodiment, dielectric stack 43
comprises a plurality of layers of low k dielectric material 14 and etch stop layers 15. In
the dielectric stack configuration shown in Figure 6A, the etch stop layers 15 are
provided between layers of low k dielectric material 14. In this method, a recessed
feature having a non-uniform, T-shaped depth profile is formed in a resist layer provided
on the dielectric stack using the partially overlapping exposure configuration illustrated
in Figure 1B. As shown in Figures 6B, the T-shaped depth profile in the resist layer 5
exposes an exposed region of the first layer of low k dielectric material 14 in the
dielectric stack 43. As shown in Figures 6C-6G, the recessed feature in the resist layer
5 is transferred into the dielectric stack 43 via simultaneously anisotropically etching
(schematically shown as arrows 7) the resist and the dielectric stack 43, for example

using RIE.

[079] In the transfer process, the resist layer first functions as an etch mask in the
processing step shown in Figures 6C and 6D, providing selective etching of the region
of the first layer of low k dielectric material 14 exposed by the recessed feature in the
resist layer. As shown in Figure 6E, after the first layer of dielectric is completely
etched, the first etch stop layer is etched, for example using a different etchant (e.g.,
different etchant gas) or different RF power. As demonstrated by a comparison of
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Figures 6C and 6D, the resist layer 5 has a composition such that it is also susceptible

to etching and, therefore, the thickness of the resist layer is lowered during etching of
the first low k dielectric layer. As shown in Figure 6F, continued processing by etching
of the resist layer and dielectric stack 43 results in formation of the trench structure in
the first layer of low k dielectric, while at the same time forming a via in the second layer
of dielectric. In some embodiments, an embedded filled trench structure 16 is provided
in a third low k dielectric layer. Removing the etch stop layer above the trench 16, for
example by etching, is useful for generating a filled via structure capable of electrically
connect the two trenches. Upon completion of the transfer of the recessed feature in
the resist into the dielectric stack 43, subsequent deposition processing and CMP
processing resulting in fabrication of a filled integrated trench and via structure
embedded in the dielectric stack 43.

[080] Figure 7 provides a process flow schematic diagram showing processing steps
for making a Dual Damascene profile in a dielectric stack wherein trench and via
features are provided in different dielectric layers. As shown in Figure 7A, dielectric
stack 30 comprises a first dielectric layer 17 and a second dielectric layer 4. As shown
in Figures 7A — 7F, process conditions in this method of the present invention are
selected such that the trench feature and the via feature are generated in different
dielectric layers of the dielectric stack 30. The trench is generated in dielectric layer 17,
while the via is generated in dielectric layer 4. In some embodiments, the height of the
resist in the T-shaped profile 6 is precisely controlled in order to etch the right depth into
the first layer of dielectric. As shown in Figure 7F, the filled trench structure 9D of the
interconnect is provided in dielectric layer 17 and the filled via structure 9E is provided in
dielectric layer 4.

[081] Figure 8 illustrates the use of overlapping exposure of selected areas of a resist
layer for making a Dual Damascene profile and an embedded multilevel interconnect
structure having a multi-step cross sectional geometry. The exposure areas exemplified
in Figures 8A and 8B correspond to areas of a resist layer provided on a substrate
undergoing processing that are exposed to radiation (as shown in Figure 9). Figure 8A
illustrates the dimensions and shape of a first area of the resist layer exposed to a
selected intensity of radiation comprising rectangle 31, the dimensions and shape of a
second area of the resist layer exposed to radiation comprising square 32 and the
dimensions and shape of a third area of the resist layer exposed to radiation comprising
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square 33 having a smaller area than square 32. Figure 8B shows the spatial

arrangement of rectangle 31, square 32 and square 33 useful for making recessed
features and embedded structures having multi-step, non-uniform cross sectional depth
profiles and geometry. As shown in Figure 8B, the exposed first, second and third areas
are positioned so as to have an overlapping spatial configuration. Specifically, square
32 is positioned such that it entirely overlaps rectangle 31, and square 33 is positioned
such that it entirely overlaps both rectangle 31 and square 32, as shown in Figure 8B.
This overlap configuration is particularly useful for making a recessed feature in the
substrate having a multi-step depth profile.

[082] In a specific embodiment, rectangle 31, square 32 and square 33 are patterned
in the resist layer using a 33.33% dose of radiation, and are positioned to overlap in the
manner shown in Figure 8B. Overlapping region 34 is exposed to a 66.66% does of
radiation and overlapping region 35 is exposed to a 100% dose radiation. Once
lithographic patterning via exposure of rectangle 31, square 32 and square 33 to
selected intensities of radiation is completed, the patterned resist layer is subsequently
developed so as to generate a recessed feature in the layer of resist having a multi-step
non-uniform depth profile.

[083] Figure 9 provides a schematic illustrating additional processing steps of
methods of the present invention for making Dual Damascene profile and an embedded
multilevel interconnect structure having a multi-step cross sectional geometry, including
development, transfer, stripping and deposition steps. Figure 9A provides a cross
sectional view of the resist layer 5 provided on the substrate 4 undergoing processing.
As discussed in the context of Figure 8, resist layer 5 is lithographically patterned using
overlapping exposure of first, second and third areas corresponding to rectangle 31,
square 32 and square 33. Figure 9B shows a cross sectional view the resist layer 5 and
substrate 4 upon developing the patterned resist layer 5, wherein developing removes
material from the patterned resist layer 5 in first, second and third areas exposed to
radiation.

[084] As shown in Figure 9B, the non-overlapping area of the first exposed area
corresponding rectangle 31 that received a net 33.33% dose of radiation is reduced to a
two thirds of the original thickness due to incomplete removal of resist during
developing. The overlapping area 34 (See, Fig. 8B) reduced to a third of the original
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thickness, and the overlapping area 35 (See, Fig. 8B) is completely developed and,

hence, resist is completely removed along the entire thickness of the resist layer 5 in
this region. As a result of development, therefore, a region of the substrate 4 is
exposed corresponding to the overlapping area of patterned first, second and third
areas. The result of developing, as shown in Figure 9B, is generation of a recessed
feature 22 in the resist layer 5 having a multi-step non-uniform depth profile.

[085] Figure 9C schematically illustrates a transfer process of the present invention
wherein recessed feature 22 in the resist layer 5 is transferred into substrate 4. As
discussed in the context of Figures, 2C, 4C and 5C, anisotropic etching is used to
transfer recessed feature 22 into the substrate 4, thereby generating recessed feature
23 having a multi-step, non-uniform depth profile. After removal of remaining resist, for
example via stripping, metal is deposited in recessed feature 22 so as to generate
embedded structure 39 comprising an interconnect having a multi-step, non-uniform
cross sectional geometry. As discussed above in the context of Figures 2F, 4F, and 5F,

a CMP processing step may be employed to remove excess metal.

Example 1: Method of Making a Dual Damascene Profile

[086] To demonstrate the capability of present methods using partial exposures to
pattern Dual Damascene profiles for making Dual Damascene profiles, e-beam
lithography was used for generating an overlapping exposure of a resist layer to
radiation. A two inch silicon wafer was used as the substrate in our process. Silicon
dioxide of thickness 200nm was deposited on the silicon surface by PEVCD. In our
experiments we did not deposit any etch stop materials in order to avoid unnecessary
processing complexity. Once the wafer was cleaned with solvents, 260nm of 950,000
4% in Anisole, PMMA was deposited on the substrate. Specifically, a 2600 A layer of
PMMA was spun onto the wafer. Once the resist was applied, the sample was heated

to 200°C in order to drive out any remaining solvent.

[087] We then expose the substrate to an E-Beam, which first writes a rectangle at a
dose of 50%. The rectangle has a width of 2um. We then pattern a square of side 0.4um
with 50% dose. The square is patterned such that it completely overlaps the rectangle.
Once the patterning was completed the sample was developed for 2 minutes in a
solution of MIBK and IPA in a ratio of 1:2. The sample was then subsequently rinsed in
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IPA before being cleaned with Nitrogen. After development, the sample was etched by

RIE for 20 minutes using Freon-13 gas.

[088] The features that are not covered by resist are etched, eventually forming the
vias. As a result of simultaneous etching of the resist, features that are covered by the
resist that are of 50% or lower thickness are subsequently be etched as processing
continues, thereby forming the trenches. The trenches etched are shallower than the
vias. Once the etching is completed, the resist is stripped and the Dual Damascene
profile can be seen in the silicon dioxide. We have obtained experimental results under
these conditions where vias were etched to a depth of 2000 A and trenches were etched
to a depth of 710 A.

[089] As the etching process was allowed to continue, at some stage the T-shaped
profile in the resist was transferred to the underlying oxide layer. Once etching was
completed, the resist was removed. Figure 10 provide a Scanning Electron Micrograph
(SEM) micrograph of the T-shaped Dual Damascene profile providing in the silicon
dioxide layer. As seen in Figure 10, a via that was 200nm deep and a trench that was

70nm deep is attained using this technique.

STATEMENTS REGARDING INCORPORATION BY REFERENCE
AND VARIATIONS

[090] U.S. Patent No. 6,717,650, issued April 6, 2004, corresponding to U.S. Patent
Application No. 10/137,086, filed May 1, 2002, relates to methods and systems for sub-
pixel voting lithography is hereby incorporated by reference in its entirety to the extent

not inconsistent with the present description.

[091] All references throughout this application, for example patent documents
including issued or granted patents or equivalents; patent application publications; and
non-patent literature documents or other source material; are hereby incorporated by
reference herein in their entireties, as though individually incorporated by reference, to
the extent each reference is at least partially not inconsistent with the disclosure in this
application (for example, a reference that is partially inconsistent is incorporated by

reference except for the partially inconsistent portion of the reference).
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[092] The terms and expressions which have been employed herein are used as

terms of description and not of limitation, and there is no intention in the use of such
terms and expressions of excluding any equivalents of the features shown and
described or portions thereof, but it is recognized that various modifications are possible
within the scope of the invention claimed. Thus, it should be understood that although
the present invention has been specifically disclosed by preferred embodiments,
exemplary embodiments and optional features, modification and variation of the
concepts herein disclosed may be resorted to by those skilled in the art, and that such
modifications and variations are considered to be within the scope of this invention as
defined by the appended claims. The specific embodiments provided herein are
examples of useful embodiments of the present invention and it will be apparent to one
skilled in the art that the present invention may be carried out using a large number of
variations of the devices, device components, methods steps set forth in the present
description. As will be obvious to one of skill in the art, methods and devices useful for
the present methods can include a large number of optional composition and processing

elements and steps.

[093] When a group of substituents is disclosed herein, it is understood that all
individual members of that group and all subgroups, including any isomers,
enantiomers, and diastereomers of the group members, are disclosed separately.
When a Markush group or other grouping is used herein, all individual members of the
group and all combinations and subcombinations possible of the group are intended to
be individually included in the disclosure. When a compound is described herein such
that a particular isomer, enantiomer or diastereomer of the compound is not specified,
for example, in a formula or in a chemical name, that description is intended to include
each isomers and enantiomer of the compound described individual or in any
combination. Additionally, unless otherwise specified, all isotopic variants of
compounds disclosed herein are intended to be encompassed by the disclosure. For
example, it will be understood that any one or more hydrogens in a molecule disclosed
can be replaced with deuterium or tritium. Isotopic variants of a molecule are generally
useful as standards in assays for the molecule and in chemical and biological research
related to the molecule or its use. Methods for making such isotopic variants are known
in the art. Specific names of compounds are intended to be exemplary, as it is known
that one of ordinary skill in the art can name the same compounds differently.
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[094] Many of the molecules disclosed herein contain one or more ionizable groups

[groups from which a proton can be removed (e.g., -COOH) or added (e.g., amines) or
which can be quaternized (e.g., amines)]. All possible ionic forms of such molecules
and salts thereof are intended to be included individually in the disclosure herein. With
regard to salts of the compounds herein, one of ordinary skill in the art can select from
among a wide variety of available counterions those that are appropriate for preparation
of salts of this invention for a given application. In specific applications, the selection of
a given anion or cation for preparation of a salt may result in increased or decreased

solubility of that salt.

[095] Every formulation or combination of components described or exemplified

herein can be used to practice the invention, unless otherwise stated.

[096] Whenever a range is given in the specification, for example, a temperature
range, a time range, or a composition or concentration range, all intermediate ranges
and subranges, as well as all individual values included in the ranges given are intended
to be included in the disclosure. It will be understood that any subranges or individual
values in a range or subrange that are included in the description herein can be

excluded from the claims herein.

[097] All patents and publications mentioned in the specification are indicative of the
levels of skill of those skilled in the art to which the invention pertains. References cited
herein are incorporated by reference herein in their entirety to indicate the state of the
art as of their publication or filing date and it is intended that this information can be
employed herein, if needed, to exclude specific embodiments that are in the prior art.
For example, when composition of matter are claimed, it should be understood that
compounds known and available in the art prior to Applicant's invention, including
compounds for which an enabling disclosure is provided in the references cited herein,
are not intended to be included in the composition of matter claims herein.

[098] As used herein, “comprising” is synonymous with "including," "containing," or
"characterized by," and is inclusive or open-ended and does not exclude additional,
unrecited elements or method steps. As used herein, "consisting of" excludes any
element, step, or ingredient not specified in the claim element. As used herein,
"consisting essentially of" does not exclude materials or steps that do not materially

affect the basic and novel characteristics of the claim. In each instance herein any of
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the terms "comprising", "consisting essentially of" and "consisting of" may be replaced

with either of the other two terms. The invention illustratively described herein suitably
may be practiced in the absence of any element or elements, limitation or limitations

which is not specifically disclosed herein.

[099] One of ordinary skill in the art will appreciate that starting materials, biological
materials, reagents, synthetic methods, purification methods, analytical methods, assay
methods, and biological methods other than those specifically exemplified can be
employed in the practice of the invention without resort to undue experimentation. All
art-known functional equivalents, of any such materials and methods are intended to be
included in this invention. The terms and expressions which have been employed are
used as terms of description and not of limitation, and there is no intention that in the
use of such terms and expressions of excluding any equivalents of the features shown
and described or portions thereof, but it is recognized that various modifications are
possible within the scope of the invention claimed. Thus, it should be understood that
although the present invention has been specifically disclosed by preferred
embodiments and optional features, modification and variation of the concepts herein
disclosed may be resorted to by those skilled in the art, and that such modifications and
variations are considered to be within the scope of this invention as defined by the
appended claims.
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We claim:

1.

A method for processing a substrate, said method comprising the steps of:

providing a layer of radiation sensitive material on at least a portion of said

substrate;

exposing a first area of said layer of radiation sensitive material to radiation

having a first intensity;

exposing a second area of said layer of radiation sensitive material to radiation

having a second intensity; wherein said second area of said layer at least partially

overlaps said first area in an overlapping area;

developing said layer of radiation sensitive material by removing material from
regions of the layer corresponding to the first and second areas, thereby
generating a recessed feature having a first non-uniform depth profile in said

layer of radiation sensitive material; and

transferring at least a portion of said recessed feature having said first non-
uniform depth profile in said layer of radiation sensitive material into said
substrate; said transferring step generating a recessed feature having a second
non-uniform depth profile in said substrate, thereby processing said substrate.

The method of claim 1 wherein said recessed feature having said second non-
uniform depth profile is an integrated trench and via structure in said substrate.

The method of claim 1 wherein said recessed feature having said second non-

uniform depth profile is Dual Damascene profile in said substrate.

The method of claim 1 wherein a single layer of radiation sensitive material is

used in carrying out said method.
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The method of claim 1 wherein said first intensity, said second intensity or both
are sub-threshold intensities.

The method of claim 1 wherein said overlapping area is exposed to a cumulative
intensity of radiation equal to the sum of said first and second intensities.

The method of claim 6 wherein said cumulative intensity is between 2 and 10
times larger than said first intensity or said second intensity.

The method of claim 1 wherein said first and second intensities are large enough
such that said overlapping area is exposed to a cumulative intensity of radiation
large enough to provide complete removal of radiation sensitive material along
the entire thickness of said layer corresponding to said overlapping area upon
said developing step, thereby opening up a portion of said substrate in said

overlapping exposed region.

The method of claim 1 wherein portions of said first area and second area do not
overlap in a non-overlapping area; wherein said first intensity, said second
intensity or both are low enough such that said non-overlapping area is exposed
to intensities of radiation that provide only partial removal of radiation sensitive
material along the thickness of said layer corresponding to said non-overlapping

area upon said developing step.

The method of claim 1 wherein said first intensity is provided uniformly across
said first area, and wherein said second intensity is provided uniformly across
said second area.

The method of claim 1 wherein said first area is selected from the range of 100
nanometers? and 500 microns?, wherein said second area is selected from the
range of 100 nanometers? and 500 microns?, and wherein said overlapping area

is selected from the range of 100 nanometers? and 100 microns®.

The method of claim 1 wherein said overlapping area is between 2 and 10 times
smaller than the sum of said first area and said second area.
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The method of claim 1 wherein said second area of said layer of radiation
sensitive material overlaps completely with said first area of said layer of radiation

sensitive material.

The method of claim 1 wherein said developing step comprises dissolving at least
a portion of said layer corresponding to said first and second areas along the
thickness of said layer.

The method of claim 1 wherein the depths of said recessed feature having said
first non-uniform depth profile are selected from the range of 10 nanometers to 10

microns.

The method of claim 1 wherein the physical dimensions of said recessed feature
having said first non-uniform depth profile are selected from the range of 10

nanometers to 500 microns.

The method of claim 1 wherein said transferring step comprises removing
material from said layer of radiation sensitive material and removing material from

said substrate.

The method of claim 17 wherein said transferring step comprises anisotropically

etching said radiation sensitive material and said substrate.

The method of claim 17 wherein said transferring step comprises the step of
simultaneously removing material from said radiation sensitive layer and said

substrate.

The method of claim 17 wherein said transferring step is carried out using a
technique selected from the group consisting of reactive ion etching, wet etching,
dry etching, photoablation, ion milling, reactive ion beam etching (RIBE),
chemically assisted reactive ion beam etching (CAIBE), and plasma etching (PE).
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21.

The method of claim 1 wherein said second non-uniform depth profile is different
from that of said first non-uniform depth profile.

The method of claim 1 wherein the maximum depth of said second non-uniform
depth profile is 1 to 10 times that of the maximum depth of said first non-uniform
depth profile.

The method of claim 1 wherein the depths of said recessed feature having said
second non-uniform depth profile are selected from the range of 10 nanometers

to 10 microns.

The method of claim 1 wherein the physical dimensions of said recessed feature
having said second non-uniform depth profile are selected from the range of 10

nanometers to 500 microns.

The method of claim 1 wherein said radiation is selected from the group

consisting of electromagnetic radiation, electrons and ions.

The method of claim 1 wherein said exposing steps are carried out using a
technique selected from the group consisting of: sub-pixel voting lithography,
electron beam lithography, optical lithography, i-line lithography, deep ultraviolet
light lithography, X-ray lithography, extreme UV lithography, ion beam lithograph

and optical maskless lithography using spatial light modulators.

The method of claim 1 wherein said radiation-sensitive material is a resist.

The method of claim 1 wherein said resist is selected from the group consisting
of: a radiation-sensitive material is an electron-beam resist, a negative

photoresist, and a positive photoresist.

The method of claim 1 further comprising the step of removing said layer of
radiation sensitive material after said transferring step.
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30.

The method of claim 1 further comprises the step of exposing one or more
additional areas of said layer of radiation sensitive material to radiation having a
selected intensity; wherein said one or more said additional areas of said layer
overlap said first area, said second area or both of said first and second areas;
wherein said first non-uniform depth profile of said recessed feature in said layer
of radiation sensitive material is a multi-step depth profile; and wherein said
second non-uniform depth profile of said recessed feature in said substrate is a
multi-step depth profile.

The method of claim 1 further comprising the step of exposing one or more
additional areas of said layer of radiation sensitive material to radiation having a
third intensity; wherein said one or more said additional areas of said layer do not
overlap either said first area or said second area; wherein said developing step
generates one or more additional recessed features having a first uniform depth
profile in said layer of radiation sensitive material, wherein said transferring step
generates one or more additional recessed features having a second uniform

depth profile in said substrate.

The method of claim 31 wherein said third intensity is substantially equal to said
first intensity or said second intensity or wherein said third intensity is
substantially equal to a cumulative intensity of radiation equal to the sum of said
first and second intensities.

The method of claim 31 wherein said one or more additional recessed features in

said substrate comprises one or more trench structures.

The method of claim 1 further comprising the steps of:

exposing a third area of said layer of radiation sensitive material to radiation
having a third intensity, wherein said third area does not overlap said first area
and second area;

exposing a fourth area of said layer of radiation sensitive material to radiation
having a fourth intensity; wherein said third area does not overlap said first area
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and second area, wherein said fourth area of said layer at least partially overlaps
said third area in an overlapping area; and

wherein said developing step generates an additional recessed feature in said
layer of radiation sensitive material, said additional recessed feature in said layer
of radiation sensitive material having a third non-uniform depth profile; and
wherein said transferring step generates a an additional recessed feature in said
substrate, said additional recessed feature in said substrate having a fourth non-
uniform depth profile.

The method of claim 34 wherein said third intensity does not equal said first
intensity, wherein said fourth intensity does not equal said second intensity or
wherein said third intensity does not equal said first intensity and said fourth
intensity does not equal said second intensity.

The method of claim 35 wherein said recessed feature having said second non-
uniform depth profile is a first integrated trench and via structure in said
substrate, and wherein said additional recessed feature having said fourth non-
uniform depth profile is a second integrated trench and via structure in said
substrate, said first integrated trench and via structure having a different depth
profile that said second integrated trench and via structure.

The method of claim 1 wherein said substrate comprises a material selected from
the group consisting of: a dielectric material, a semiconductor and a metal.

The method of claim 1 wherein said substrate is a device substrate prepatterned

with components of an integrated electronic circuit.

The method of claim 1 comprising a method of making an integrated circuit.

The method of claim 1 comprising a method of making a device selected from the
group consisting of a transistor or array thereof, memory device, sensor, diode or
array thereof, liquid crystal device, display device, optical source,

microprocessor, a microfluidic system, a nanofluidic system, a
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nanoelectromechanical system, a microelectromechanical system, a wave guide,

an optical system, an electro-optical system and interconnect structure.

A method for processing a substrate, said method comprising the steps of:

providing a layer of radiation sensitive material on at least a portion of said

substrate;

exposing a first area of said layer of radiation sensitive material to radiation

having a first intensity;

exposing a second area of said layer of radiation sensitive material to radiation
having a second intensity; wherein said second area of said layer at least partially

overlaps said first area in an overlapping area;

developing said layer of radiation sensitive material by removing material from
regions of the layer corresponding to the first and second areas, thereby
generating a recessed feature having a first non-uniform depth profile in said

layer of radiation sensitive material,

transferring at least a portion of said recessed feature having said first non-
uniform depth profile in said layer of radiation sensitive material into said
substrate; said transferring step generating a recessed feature having a second
non-uniform depth profile in said substrate, thereby processing said substrate;

and

depositing material onto said recessed feature having said second non-uniform
depth profile, thereby generating a structure at least partially embedded in said

substrate.

The method of claim 41 wherein said material deposited onto said recessed
feature having said second non-uniform depth profile is one or more materials
selected from the group consisting of a conductor, a semiconductor and a

dielectric material.
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The method of claim 41 wherein said depositing step is carried out using a
technique selected from the group consisting of: physical vapor deposition,
chemical vapor deposition, ion beam sputtering deposition, plasma enhanced
chemical thin film deposition, electron beam evaporation deposition, atomic layer
deposition, and thermal evaporation deposition.

The method of claim 41 further comprising the step of etching said material
deposited onto said recessed feature, mechanically polishing said material
deposited onto said recessed feature, or chemical mechanical polishing said
material deposited onto said recessed feature or any combination of these,
thereby generating said structure fully embedded in said substrate.

The method of claim 41 wherein said deposited material is one or more
conductive materials, wherein said structure comprises an electrical interconnect

structure

A method for processing a substrate, said method comprising the steps of:

providing a layer of radiation sensitive material on at least a portion of said
substrate;

exposing a first area of said layer of radiation sensitive material to radiation
having a first intensity; exposing a second area of said layer of radiation
sensitive material to radiation having a second intensity; wherein said second
area of said layer at least partially overlaps said first area in an overlapping area,

wherein said exposing steps are carried out using sub-pixel voting lithography;

developing said layer of radiation sensitive material by removing material from
regions of the layer corresponding to the first and second areas, thereby
generating a recessed feature having a first non-uniform depth profile in said

layer of radiation sensitive material; and
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transferring at least a portion of said recessed feature having said first non-
uniform depth profile in said layer of radiation sensitive material into said
substrate; said transferring step generating a recessed feature having a second
non-uniform depth profile in said substrate, thereby processing said substrate.

An electronic device component made by a method comprising the steps of:
providing a layer of radiation sensitive material on at least a portion of said
substrate;

exposing a first area of said layer of radiation sensitive material to radiation

having a first intensity;

exposing a second area of said layer of radiation sensitive material to radiation
having a second intensity; wherein said second area of said layer at least partially

overlaps said first area in an overlapping area;

developing said layer of radiation sensitive material by removing material from
regions of the layer corresponding to the first and second areas, thereby
generating a recessed feature having a first non-uniform depth profile in said

layer of radiation sensitive material,

transferring at least a portion of said recessed feature having said first non-
uniform depth profile in said layer of radiation sensitive material into said
substrate; said transferring step generating a recessed feature having a second
non-uniform depth profile in said substrate;

stripping the remaining radiation-sensitive material; and

depositing material onto said recessed feature having said second non-uniform
depth profile, thereby generating a structure at least partially embedded in said
substrate.
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The electronic device component of claim 47 wherein said material deposited
onto said recessed feature having said second non-uniform depth profile is a

conductive material, semiconductor material or a dielectric material.

The electronic device component of claim 47 comprising a component of an
integrated electronic circuit.

The electronic device component of claim 47 comprising an electrical

interconnect structure.

The electronic device component of claim 47 comprising a component of a device
selected from the group consisting of a transistor or array thereof, memory
device, sensor, diode or array thereof, liquid crystal device, display device, optical
source, microprocessor, a microfluidic system, a nanofluidic system, a
nanoelectromechanical system, a microelectromechanical system, a wave guide,

an optical system, an electro-optical system, and an interconnect structure.

An electronic device made by a method comprising the steps of:
providing a layer of radiation sensitive material on at least a portion of said
substrate;

exposing a first area of said layer of radiation sensitive material to radiation
having a first intensity;

exposing a second area of said layer of radiation sensitive material to radiation
having a second intensity; wherein said second area of said layer at least partially

overlaps said first area in an overlapping area;

developing said layer of radiation sensitive material by removing material from
regions of the layer corresponding to the first and second areas, thereby
generating a recessed feature having a first non-uniform depth profile in said

layer of radiation sensitive material,
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transferring at least a portion of said recessed feature having said first non-

uniform depth profile in said layer of radiation sensitive material into said
substrate; said transferring step generating a recessed feature having a second
non-uniform depth profile in said substrate;

stripping the remaining radiation-sensitive material; and

depositing material onto said recessed feature having said second non-uniform
depth profile, thereby generating a structure at least partially embedded in said
substrate.

The electronic device of claim 52 comprising an integrated electronic circuit.

The electronic device of claim 52 comprising a device selected from the group
consisting of a transistor or array thereof, memory device, sensor, diode or array
thereof, liquid crystal device, display device, optical source, microprocessor, a
microfluidic system, a nanofluidic system, a nanoelectromechanical system, a
microelectromechanical system, a wave guide, an optical system, an electro-

optical system and an interconnect structure.
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