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A method of printing a
sub-resolution device feature
(16) having first and second
edges spaced in close proximity
to one another on a semicon-
ductor substrate (20) includes
the steps of first depositing a
radiation-sensitive material on
the substrate, then providing a
first mask image segment (11)
which corresponds to the first
edge. The first mask image seg- g —
ment is then exposed with radi-
ation (10) using an imaging tool
(12) to produce a first pattern
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edge gradient (14). The first
pattern edge gradient defines
the first edge of the feature in
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the material. A second mask
image segment (13) is then pro-
vided corresponding to the sec-
ond feature edge. This second
mask image segment is exposed
to radiation (10) to produce a
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second pattern edge gradient (17) which defines the second edge of the feature. Once the radiation-sensitive material has been de-
veloped, the two-dimensional feature is reproduced on the substrate,
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WO 93/20482 PCT/US93/03126

METHOD FOR FORMING A LITHOGRAPHIC PATTERN IN A PROCESS
FOR MANUFACTURING SEMICONDUCTOR DEVICES.

FIELD OF THE INVENTION

The present invention relates to the field of lithography; more specifically, to
methods of manufacturing semiconductor integrated circuits by means of transferring

mask patterns onto the surface of a silicon substrate.

BACKGROUND OF THE INVENTION

Lithography, as used in the manufacture of integrated circuits (ICs), involves the
process of printing two-dimensional geometric shapes onto the surface of a
semiconductor substrate. These shapes make up the parts of the circuit, such as the
gate electrodes, contacts, vias, metal interconnects, and so on.

As part of the IC lithographic process, a radiation-sensitive material, such as
photoresist, is usually applied to the silicon wafer and dried. The photoresist layer is
then exposed using the proper geometrical patterns through a photomask by means
of an imaging tool. The imaging tool utilizes some source of light or radiation to
expose the mask. After exposure, the wafer is usually soaked in a solution that
develops the exposed images in the photoresist. By way of example, these masking
patterns provide a way of developing electrical contacts on the silicon substrate.

Quite commonly, the geometries used for fabricating IC devices are rectangular
in shape. When printing rectilinear geometries, certain problems arise, particularly at
the corner regions of the pattern. For example, during exposure to light or radiation

the photoresist integrates energy contributions from all surrounding areas. This
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means that the exposure dose in one vicinity of the wafer is affected by the exposure
dose in neighboring vicinities. This phenomenon is frequently referred to as the
proximity effect.

Since a corner region in a photoresist pattern lacks neighboring regions, the
exposure dose in a corner will always be less than the exposure dose delivered to the
body or to an elongated side of the pattern. As a result, the corners of a developed
photoresist pattern will actually be somewhat rounded, rather than square, due to the
fact that less energy has been delivered to the corners than to the other areas of the
masking pattern.

In low density circuits where device geometries are large, corner rounding has a
negligible effect on device behavior. However, in very large-scale integrated circuits
(VLSI), where device structures are much smaller (e.g., submicron), rounding effects
can wreak cénsiderable havoc on the circuit's performance. For instance, rounding of
electrical contacts reduces the total area available for conduction, thereby resulting in
an increased contact resistance.

Table 1, shown below, illustrates how corner rounding can produce a loss of
area in small contacts for a typical semiconductor process. Obviously, it is
undesirable for any VLSI circuit to suffer from the detrimental effects of increased

contact resistance resulting from a loss of contact area.

TABLE 1

. Actual Feature
Design CD Actual CD Area Lost During % Area Loss

(in Resist) Printing

~
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0.60 um 0.577 um 0.099 um2 27.4%
0.55 um 0.518 um 0.092 pm2 30.4%
0.50 um 0.371 um 0.142 pm?2 56.0%
0.45 um 0.285 um 0.139 um?2 68.5%
0.40 pm Not resolved 0.160 pm2 100%

Another challenging task of the IC lithographic process is to print a two-
dimensional feature, such as a contact mask, with feature sizes comparable to, or
smaller than, the resolution limit to the imaging tool. Practitioners in the art
understand that the resolution of an imaging tool is ordinarily defined as the minimum
feature that the exposure tool can repeatedly print onto the wafer. By way of example,
the resolution of a commercial imaging tool such as the ASM 5500/60 is around 0.47
microns. This means that as the critical dimensions of the mask features shrink --
approaching the resolution limit of the lithographic equipment -- the consistency
between the mask layout and the actual layout pattern developed in the photoresist is
significantly reduced. In fact, beyond a certain dimensional limit, some images are
simply unresolvable (see, e.g., Table 1).

Figures 1A-1C illustrate this phenomenon. Figure 1A shows an isolated feature
edge illuminated by a light or a rediation source. After the illuminated feature edge is
passed through the lense of the associated imaging tool, an image intensity edge
gradient is produced on the substrate surface. This aerial edge gradient represents
the change in image intensity from the fully illuminated regions to the completely dark
or masked regions of the substrate.

Figure 1B illustrates a feature having two close edges which are exposed

simultaneously by an imaging tool. In accordance with the principles discussed
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above, each edge of the feature produces as its own aerial edge gradient with no
diffraction at the edge separation shown. In other words, the adjacent edge gradients
are not mixed due to the fact that the feature is completely resolvable by the imaging
tool. Note that each edge gradient represents the characteristic of the imaging tool,
which can be described by its numerical aperture (NA) and the exposure wavelength
(1) of the source radiation.

When the two feature edges are brought into close proximity during a single
exposure, the two edge gradients begin to interact or diffract. At a certain minimum
separation (shown in Figure 1B), the two adjacent edge gradients still maintain their
own identity. However, as the two edges are moved closer than the minimum
resolvable separation of the imaging tool (as shown in Figure 1C), diffraction causes a
mixture of the edge gradients. The result is that the identity of each individual edge is
lost. In other words, the combined aerial edge gradients are simply not resolvable.

The minimum separation that must be maintained in a lithographic process to
avoid overlapping of edge gradients is defined by the Rayleigh limit (i.e., the
resolution) of the imaging tool. Mathematically, the Rayleigh limit can be expressed
as:

Rayleigh fimit = k (A/NA)
where k is an adjustable parameter dependent upon a variety of processing factors
such as resist type. A typical value of k for a semiconductor production process is
about 0.7. For a state-of-the-art imaging tool, such as the ASM 5500/60, A = 0.36
microns, NA = 0.54, so that the minimufn separation of two resolvable edges is
approximately 0.47 microns. What this means is that this particular imaging tool is not
useful for printing features that have critical dimensions or patterned edges which are

spaced narrower than approximately 0.47 microns apart.
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Based on the Rayleigh criterion, it is apparent that in order to improve the
resolution of photolithographic processes, a new generation of imaging tools may
need to be created. These tools would have to achieve higher numerical apertures
and/or utilize new exposure sources having much shorter wavelengths. The problem,
however, is that such improved imaging tools are not commercially available at
present. Moreover, the development of such tools will require substantial investment
of capital as well as considerable advances in existing imaging technologies.
Alternative techniques such as exposure tuning, contrast enhancement layers, phase
shift masking, and E-beam or X-ray technologies are currently either very costly or
offer only minimal improve;nents in the resolution limit.

As will be seen, the present invention discloses a novel method of image
decomposition which can be utilized in conjunction with existing imaging tools to
radically improve the resolution limit of a lithographic process. The invented method
is particularly well-suited for use in printing very small two-dimensional features such
as contacts, vias, etc., on a semiconductor wafer. In addition, the invented method
relieves the Rayleigh limit when imaging larger feature sizes and produces the
desired two-dimensional patterns with much less complicated exposure routines as
compared to prior art approaches. The net result is that the present invention
markedly improves the overall lithographic process while extending the resolution
limit far beyond that which is ordinarily achievable using standard imaging tools and

techniques.
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SUMMARY OF THE INVENTION

A method of improving the lithographic patterning process for semiconductor
manufacturing is disclosed. According to the present invention, feature edges are
decomposed by means of uncorrelated edge exposures, wherein two feature edges
that are separated by less than the Rayleigh limit of the imaging tool are printed by
means of separate exposure stages using a decomposed image mask.

Thus, one of the objects of the present invention is to overcome the
aforementioned problems of prior art lithographic processes; especially when printing
small features (e.g., device contacts).

Another object of the present invention is to facilitate the printing of sub-
resolution two-dimensional patterns (i.e., below the Rayleigh limit of the associated
imaging tool). This ability is realized without modifications to the imaging tools
hardware elements.

Another object of the present invention is provide a simple lithographic method
for printing orthogonal edges while minimizing rounding effects. The achieved result
is a much more “"squared" contact pattern -- defined with significantly less two-
dimensional shrinking problems.

Yet another object of the present invention is to provide a lithographic method
wherein adjacent feature edges are printed in an uncorrelated fashion. In accordance
with one embodiment of the invention, only one feature edge is effectively exposed at
atime. One consequence of the invented method is that the effective depth of focus is
comparable to those larger features that have cbmpletely uncorrelated edges.

It is still another object of the present invention to provide a lithographic
processing method which is capable of benefiting from future improvements and

advancements in the imaging tool technology field. As newer, better-performing
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lithographic tools are created, the present invention is capable of exploiting this new
technology to the fullest extent. This means that through the use of the present
invention, the resolution limit of an imaging tool can always be improved..

It is another object of the present invention to provide a method which may be
combined with advanced resist process technology to further extend the resolution
limit of the lithographic system.

It is still another object of the present invention to provide an image
decomposition algorithm which can be integrated into current computer aided design
(CAD) tools to become an automated procedure for use in a lithographic process. In
such a case, the decomposition process becomes transparent to the integrated circuit
designer. Furthermore, using the image decomposition algorithm of the present
invention permits, image offset exposure information to be generated and supplied
directly to the stepper machine. Again, this process can be carried out transparent to
on-line operators in order to minimize handling errors and further improve the

manufacturing process of semiconductor wafers.
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BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1A - 1C illustrate the problems which arise in optical lithography as

device features shrink.

Figures 2A-2C illustrates the basic concept of decomposing features using

uncorrelated edges.

Figure 3 further illustrates how the concepts shown in Figure 2 can be

combined to produce a minimum-sized contact opening.

Figure 4 is an example showing how the method of the present invention can
be utilized to print a two-dimensional feature having two edges which are smaller than

the resolution limit of the imaging tool.

Figure 5 shows how the concept presented in the diagram of Figure 4 may be

extended using additional exposure steps to produce even smalier feature sizes.

Figure 6 illustrates a process whereby a designed contact feature is

constructed utilizing the image decomposition method of the present invention.

Figure 7 illustrates the derivation of the straight edge dimension for a

designed square feature.

Figures 8A and 8B show the minimum pitches needed, as calculated in both

orthogonal and diagonal directions, for an array of contacts.
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Figure 9 illustrates a method of improving the optical resolution by changing

the aerial image gradient of a feature edge.

Figure 10 shows a decomposed image with intensity leveled edges.



WO 93/20482 PCI/US93/03126

10
DETAILED DESCRIPTION

A method for improving the lithographic patterning process in the fabrication of
semiconductor devices is disclosed. The invented method is characterized by its
applicability to all forms of optical lithography, laser and non-laser based deep
ultraviolet (UV) lithography, X-ray lithography, as well as particle beam based
lithography. In the following description, numerous specific details are set forth, such
as specific tools, dimensions, material types, etc., in order to provide a thorough
understanding of the present invention. It will be obvious, however, to one skilled in
the art that these specific details need not be employed to practice the present
invention. In other instances, well known processing steps have not been described
in detail in order not to avoid unnecessarily obscuring the present invention.

The basic concepts of the present invention avoid the restrictions of the Rayleigh
limit when printing small two-dimensional features by means of multiple uncorrelated
exposures. In conventional lithographic methods, two or more edges of a feature are
defined by presenting them simultaneously in very close proximity during mask
exposure. These edges, which appear on the same masking layer, are said to be
correlated pattern edges. Upon exposure, the two correlated edges produce aerial
edge gradients which are diffracting, and thus, are not resolvable. But if the two edges
are spaced far enough apart, or decomposed into separate masking layers or exposure
steps, no defraction occurs during exposure. In this latter case, the two edges are said
to be uncorrelated.

In the method of the present invention, only one patterned edge is defined at a
time when producing small two-dimensional features. In the first exposure, one of the
edge features is exposed. In the second exposure, a different edge is exposed. Inone

embodiment, this second exposure is performed using the same mask image that was
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used for the first exposure, however, for the second exposure the mask is offset by a
predetermined distance from where the first edge was imaged. During the second
exposure, the area previously exposed is generally protected from further exposure.

After the photoresist has been developed, a resist pattern is produced which
yields two edges spaced in close proximity. Since the two edges were not presented
together at the same time as part of the same exposure step, they can be printed at an
arbitrary separation while avoiding the adverse effects of diffraction. Printing feature
edges by means of sepérate exposure stages or masking layers is referred within the
context of this application as uncorrelated edge exposure.

Figure 2A-2C illustrates how separated exposure stages can be utilized to define
patterns having narrowly spaced edges. The great advantage of this approach is that
the separation between the edges can be much less than the Rayleigh limit without
diffraction of an adjacent aerial edge gradient. In Figure 2A, radiation 10 from an
imaging tool 12 is employed to expose a first feature edge 11. This exposure produces
an edge gradient 14 that exposes a resist layer formed over a semiconductor substrate
20. In the case of Figure 2, a negative resist is used, resulting in an exposed resist area
15 and an unexposed area 16. In a negative-acting resist system, exposed area 15
becomes insoluble to the resist developer while the unexposed area 16 is unchanged
(i.e., area 16 maintains a solubility in the developer solution). Note that modern
negative-acting resist systems are capable of resolving sub-half-micron lines and
spaces.

In the second exposure stage shown in Figure 2B, a second feature edge 13 is
utilized together with imaging tool 12 to produce edge gradient 17. Feature edge 13 is
intentionally offset relative to substrate 20 to produce the desired critical dimension in

the photoresist layer. After the second exposure in the sequence, there is only a single
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unexposed area 16 surrounding on adjacent sides by exposed areas 15. After resist
development, unexposed area 16 is developed away to leave an opening 21 having a
dimension width "A*", which may be considerably less than the Rayleigh limit of the
imaging tool 12 (see Figure 2C).

Figure 3 shows the method of Figures 2A-2C, superimposed into a single
processing sequence. This sequence is more clearly illustrates how the use of
uncorrelated edge exposures produces the designed feature size, whereas exposing
both edges 11 and 13 simultaneously would result in an unresolvable image. It should
be understood that the two-dimensional feature of either Figures 2A-2C or 3 may be
printed using either a single masking image that is offset for each exposure, or
alternatively, using two separate masking images which are aligned differently with
respect to substrate 20.

To fabricate large arrays of two-dimensional features (such as contact openings),
a systematic structure must be created in which the masking image has a large enough
dimension so that its edges remain uncorrelated, yet are resolvable. In accordance with
the present invention, this requirement is satisfied by a method called “image
decomposition.” This method is illustrated using a negative system in the examples of
Figures 4 and 5.

Figure 4 illustrates how a rectangular feature 25 is decomposed into a larger
square mask image 26, and how mask image is then used to reproduce feature 25 on a
silicon substrate. Feature 25 represents a designed feature which is to be patterned
onto the substrate surface. It includes two relatively long edges (labelled "A" and "B")
which are orthogonal to two relatively short edges (labelled "C" and "D"). (In the
example of Figure 4, assume that edges A and B are separated by a distance which is

less than the Rayleigh limit of the imaging tool being used. Also assume that edges C

¥
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and D are separated by a distance which is larger than the Rayleigh limit.)

In the first stage of exposure, decomposed mask image 26 is aligned in a manner
such that edge B' matches the location of edge B as will be printed on the substrate.
This first edge is exposed as described above. In the second exposure stage,
decomposed mask image 26 is offset, or shifted down relative to the first exposure, so
that edge A" matches the position of edge A of feature 25. Note that in this example,
short edges C and D are not a concern because they are separated by a distance which
is beyond the Rayleigh limit. Since edges A and B are defined independently using two
separate exposure stages (in this case, utilizing the same decomposed image), the
aerial gradients cannot diffract. Hence, the small two-dimensional design feature is
reproduced without the proximity or resolution difficulties experienced in the prior art.

Extending the procedure of Figure 4 to one which includes additional offsets to
the left and to the right using the same decomposed mask image 26, a final feature 28
may be reproduced having an area that is considerably smaller as compared to the
original exposed feature. This approach is illustrated diagramatically in Figure 5. Note
that the process which produces feature 28 requires a total of four exposure stages,
rather than the two needed in the example of Figure 4. Because the four edges of the
reproduced feature have dimensions far below the resolution of the imaging tool, each
of the four edges of feature 28 are defined independently. As explained earlier, each of
the multiple exposure stages required to print a device contact such as feature 28, can
be carried out either through the use of multiple masks, or by using a single mask
(having a suitable decomposed image) that is approximately offset for each exposure .
Thus, the invented method allows the printing of the sub-resolution device features in a
semiconductor process.

Because contact features are normally designed to have a square shape, it is
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convenient to decompose these features into larger square shapes. The edge size or
critical dimension (CD) of the decomposed image, however, must be long enough to
avoid the proximity effect previously described. Otherwise, severe corner rounding
would yield a reconstructed contact feature having a circular, or less than square,
shape.

Recall that a square contact size is preferred since it has a lower contact
resistance as compared to contacts having rounded corners. Figure 6 illustrates how a
designed contact feature 38 may be decomposed to a larger masking image 35 in order
to reconstruct the final contact feature 38 on a semiconductor substrate. Notice that
while the masked or ideal decomposed image 35 has square corners, the actual
decomposed image 36 that is printed during each exposure stage suffers from corner
rounding because of the proximity effect. Therefore, the key to printing a square
contact is to optimize the critical dimension of the decomposed image 35 such that
rounding effects are avoided in the final reconstructed feature. In other words, the
smallest printable contact feature using the invented method is limited by the availabie
straight edge dimension of the decomposed image square and the optical intensity
gradient of that edge.

It is observed that the corner rounding of a square resist feature is directly related
to the Rayleigh criterion. This relationship is described in Figure 7. Figure 7 illustrates
a square, decomposed image 40 having an edge length CD, where CD represents the
design critical dimension for the decomposed square image. When this image is
actually printed using a standard resist process, the actual decomposed image 42
exhibits rounded corners. The radius of each rounded corner is represented in Figure 7
by the dimension R. The straight edge dimension of the resist pattern, S, is calculated

to be
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S =CD - (WNA).
This equation also points out that if the critical dimension of the design is less than
(MNA) of the associated imaging tool being used, then a straight edge will not be
produced. That is, the square, design contact feature will be printed with rounded
corners. In extreme cases, the design feature may not be printed at all.

Thus, the relationship of Figure 7 can be used to predict to the minimum CD
needed for the decomposed image. For example, if the design calls for 0.3 micron
contact opening using a commercially available stepper with the parameters A = 0.365
microns, NA = 0.54, then the CD for the decomposed square image is calculated to be
0.973 microns. This means that a decomposed mask image having an approximate
one micron CD is needed in order to properly define a 0.3 micron square contact when
employing the invented method.

Because the decomposed image or mask segments are always larger than the
designed feature, and because multiple exposures are needed in the presently
invented method in order to delineate each contact, certain pitch limitations arise. For
example, during each edge exposure the decomposed image must be offset
accordingly (or separate mask layers employed). Any offsetting step affects the area
surrounding the printed contact feature. Since it has been exposed, this area is
rendered unusable for the creation of other contact features . Based on these
considerations, the minimum separations required for neighboring contact features are
given by the equations below, as well as shown graphically in Figures 8A and 8B. Note
that in each case, S is defined as the final target contact size, N is defined as the

minimum horizontal or vertical pitch, and M is defined as the minimum diagonal pitch.
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N =S+ (A/NA) (or,N=CD)
M= +/2 (MNA)

Having thus far described the individual steps required for printing sub-resolution
features in accordance with the present invention, a general image decomposition
algorithm for producing a contact array mask is now described. This algorithm is
preferably integrated into existing CAD tools, so that it is implemented as an automatic
procedure during the lithographic process. The algorithm comprises the following
comprehensive steps. (It is appreciated that not all of these steps may be required

depending upon the particular process or application employed).

A) Determine the final contact mask size S, as required for the design;

B) Calculate the minimum CD required for the decomposed image square by
using the relationship CD = S + (A/NA);

C) Form the decomposed image or images based on each contact;

D) Determine the steps (e.g., image offset and exposure stages) required to
decompose the final feature;

E) Determine the peripheral area surrounding each contact that will be
affected by the decomposing process;

F)  Calculate the minimum pitches N and M for the vertical, horizontal and
diagonal directions (where N = CD and M = 4/2 (A/ NA)).

G)  Verify that all contacts are separated by at least more than the minimum
pitches.

H)  If none of the pitch rules are violated, then form the decomposed mask or
masks.

) If adjacent contacts have a pitch which is less than the minimum required,



WO 93/20482 PCT/US93/03126

17

then remove one of the neighboring contacts from the current decomposed mask to a
second decomposed mask;

J) Generate a second decomposed mask to accommodate the removed
contacts from the previous step, keeping the same relative location;

K)  Recheck the pitch rules once again to ensure that both masks have no
violations;

L) Form the decomposed image mask for each contact mask;

M)  Generate the corresponding exposure routine information (e.g., offsets,

mask changes, etc.).

As described by the above algorithm, when a contact mask has a tighter design
pitch than is allowed by the design rules, at least two decomposed sub-masks must be
created. This is indicated in steps | - M. The two sub-masks must then be combined in
the final processing sequence in order to print the full contact array.

It should be understood that the above-described decomposition algorithm is
applicable to both clear and dark field masks. It has been observed that the clear field
mask has certain advantages which include fewer pitch restrictions and lack of concern
about involuntarily exposing areas. Accordingly, a negative-acting resist process is
employed in the currently preferred embodiment. For dark field masks, an extra mask is
often needed to account for involuntarily exposed areas.

Since the present invention relies upon multiple exposure stages, it should also
be understood that misplacement of any edge can affect the total CD control of the final
feature. However, commercial imaging tools are presently available with stage
movements having precisions of approximately 0.005 microns. This high level of
precision -- combined with the fact that in the present invention image offsets are

generally in close proximity to the original exposure -- means that the overall impact of
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the lithographic tool's precision is negligible. Moreover, utilizing the uncorrelated edge
exposure method of the present invention permits the depth of focus to be much greater
than that of conventional printing methods. It is believed that any CD error induced by
the stage precision of the hardware is more than compensated by the gainr of having a
more favorable depth of focus.
Indeed, the results shown below in Table 2 indicate that the present invention is

capable of achieving remarkably "square-like" contact features with 0.25 micron

dimensions.
TABLE 2
Target CD Actual CD Actual Feature % Area Lost
(In Resist) Area Lost
0.50 um 0.492 um 0.048 um?2 19.0%
0.40 um 0.408 um 0.034 um? 21.0%
0.30 um 0.309 um 0.020 um? 22.0%
0.25 um 0.261 um 0.015 um?2 24.0%

These results are then all the more astounding when one considers that the
imaging tool and resist process employed ( an ASM 5500/60, with a Shipley resist SNR
248 process) is barely capable of resolving 0.45 micron with more contacts than 60% of
loss in area using a standard printing method (see Table 1). With the invented method,
the same tool now yields contacts as small as 0.25 microns with less than 25% area
loss -- thus, effectively doubling the resolution performance of the exposure tool.

The smallest printable dimension using the decomposition method described
thus far described is ultimately limited by the intensity edge gradient produced by the

imaging tool and the resist process. However, a further improvement can be made to
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the presently invented method by the addition of specialized lineations placed in close
proximity to the feature edge. A mask which incorporates such lineations, also known
as "intensity leveling bars", is disclosed in co-pending application entitied "Improved
Mask for Photolithography”, Serial No. 07/821,793, filed January 16, 1992, which
application is assigned to the aésignee of the present invention.

Intensity leveling bars perform the function of increasing the slope of the intensity
edge gradient, in order to improve the resolution of the imaging system. The leveling
bars themselves consist of very thin lines or features placed paralle! to isolated edges of
the feature. Each leveling line has a dimension which renders essentially unresolvable
by the imaging tool. However, its function is not to be printed onto the éubstrate, but
rather to affect the contrast of the adjacent feature edge so that the aerial image
gradient of the intensity leveled feature edge has a steeper slope as comparable to the
normal edge gradient.

Figure 9 illustrates the use of an intensity leveling bar 46 in conjunction with the
printing of feature edge 45. The width of leveling bar 46 is preferably on the order 0.1
microns wide. The essential characteristic of intensity leveling bar 46 is that it be
unresolvable by the imaging tool; that is, bar 46 must be narrow enough so as not to be
printed during the exposure of feature edge 45. Figure 9 iilustrates that upon exposure
by imaging tool 47, an edge gradient 48 is produced which is characterized by a
steeper slope. This steeper edge gradient slope translates into improved imaging
resolution.

Table 3 illustrates, by way of example, the astounding results achieved utilizing

the decomposition method described earlier in conjunction with intensity leveling bars.

TABLE 3
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Target CD Actual CD Actual Feature % Area Lost
(In Resist) Area Lost
0.20 um 0.198 um 0.0090 pm? 22.8%
0.10 um 0.095 pm 0.0021 um?2 21.0%

As can be seen, the present invention allows the printing of contacts having a
feature size as small as 0.1 microns wide utilizing the same imaging tool and resist
process as found in Table 1. (Note that the results of Table 3 were produced using an
adjusted resist thickness of ~ 0.3 microns.) It is remarkable that even at these very small
dimensions, the percent of area loss due to corner rounding is minimal (approximately
20%).

Figure 10 illustrates an example of a decomposed square image 49 with an
intensity leveled lineation 50. Intensity leveling lineation 50 has a width which is less
than the resolution capability of the imaging tool. Currently, the dimension or width, I,
of the intensity leveling bar is preferably one-fifth of the associated imaging tool's
resolution. This is represented mathematically by the equation

I = (1/5) Rayleigh limit = (0.2 k) (A / NA)

The separation, J, between the decomposed image and the intensity leveling
lineation is preferably about 1.1 times the imaging tool's resolution. Again, this is
expressed by the equation:

J = (1.1) Rayleigh limit = (1.1 k) (A/ NA)
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CLAIMS
We Claim:
1. A method of printing a two-dimensional feature on substrate, said feature

having first and second edges spaced in close proximity to one another, said method
comprising the steps of:

(a)  depositing a radiation-sensitive material on said substrate;

(b)  providing a first mask image segment which corresponds to said first
edge;

(c)  exposing said first mask image segment with radiation using an imaging
tool to produce a first pattern edge gradient, said first patterh edge gradient defining
said first edge of said two-dimensional feature in said material;

(d)  providing a second mask image segment which corresponds to said
second edge;

(e)  exposing said second mask image segment with radiation using said
imaging tool to produce a second pattern edge gradient, said second pattern edge
gradient defining said second edge of said feature in said material;

()  developing said radiation-sensitive material, thereby reproducing said

two-dimensional feature on said substrate.

2. The method as defined in claim 1 wherein said first and second edges
are separated by distance which is less than or equal to the Rayleigh limit of said

imaging tool.
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3. The method as defined in claim 2 wherein said first and second edges

are orthogonal.

4. The method as defined in claim 3 wherein said feature comprises a
device contact of an integrated circuit, and said first and second edges define a corner

of said contact.

5. The method as defined in claim 2 wherein said first and second mask
image segments comprise a single mask image having an area which is larger than

said two-dimensional feature.

6. The method as defined in claim 2 wherein said first mask image segment
is provided on a first mask and said second mask image segment is provided on a

second mask.

7. The method as defined in claim 5 wherein said mask image is
rectangular in shape, and said first mask image segment is substantially parallel to

said second image segment.

8. The method as defined in claim 7 wherein step (d) comprises the step of

offsetting said mask image relative to said substrate.
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9. The method as defined in claim 2 wherein said material comprises a

negative-acting photoresist layer.

10.  The method as defined in either claim 5 or 6 wherein said first and
second mask image segments each have associated therewith an additional sub-
resolution edge segment, each of said additional segments being spaced a
predetermined distance away from, and substantially parallel to, said associated mask
image segment, said additional segments functioning to increase the slope of first and
second patterned edge gradients to enhance said printing of said two-dimensional

feature.

11. The method as defined in claim 10 wherein said predetermined distance

is approximaiely 1.1 times the Rayleigh limit of said imaging tool.

12.  In a process for fabricating semiconductor devices, a method of printing
a rectangular feature onto a photoresist layer deposited over a semiconductor
substrate, said rectangular feature having at least two closely-spaced opposing
feature edges, said method comprising the steps of:

decomposing said rectangular feature into a rectangular mask image having a
pair of opposing mask edges of a length which is greater than or equal to the length of
said opposing feature edges, said opposing mask edges being spaced apart a
predetermined distance which is greater than the spacing between said opposing

feature edges;
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exposing a first one of said mask edges with radiation using an imaging tool to
produce a first pattern edge gradient which defines a first one of said feature edges in
said photoresist layer;
offsetting said rectangular mask image relative to said substrate;
exposing the second one of said mask edges with radiation using an imaging
tool to produce a second pattern edge gradient defining the second one of said

feature edges in said photoresist layer.

13. The method as defined in claim 12 wherein said spacing between said

opposing feature edges is less than or equal to the Rayleigh limit of said imaging tool.

14. The method as defined in claim 13 wherein said predetermined distance

is greater than said Rayleigh limit.

15. The method as defined in claim 14 wherein said offsetting step offsets
said mask image a distance approximately equal to said predetermined distance

minus said spacing.

16. The method as defined in claim 14 wherein said rectangular feature is a

square.

17. The method as defined in claim 14 wherein said decomposing step

includes the step of calculating the length of said mask edges as having a minimum
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dimension, D, which is given by the equation
D =S + (MNA)
where S is the length of said feature edges, A is the wavelength of said radiation, and

NA is the numerical aperture of said imaging tool.

18.  The method as defined in claim 13 wherein said pair of mask edges
each have associated therewith an additional sub-resolution edge segment, each of
said additional segments being spaced a certain distance away from, and
substantially parallel to, said associated mask edge, said additional segments
functioning to increase the slope of said first and second pattern edge gradients,

thereby enhancing said printing said rectangular feature.

19. The method as defined in claim 18 wherein said certain distance is

approximately 1.1 times said Rayleigh limit.

20. The method as defined in claim 15 wherein said photoresist comprises a

negative-acting resist layer.

21. A process for fabricating an integrated circuit (IC) on a silicon substrate
using a lithographic tool, an imaging decomposition algorithm for printing an array of
square contacts having an edge dimension which is less than or equal to the Rayleigh
limit of said lithographic tool comprising the steps of:

(a) calculating a minimum critical dimension (CD) for said printing process
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based on said edge dimension;

(b) forming a plurality of decomposed image squares, each of said
corresponds to one of said contacts within said array, said image squares having a
dimension which is greater than or equal to said minimum CD;

(¢) calculating the minimum horizontal, vertical and diagonal pitches
required between adjacent contacts within said array based upon a process of
decomposing each of said contacts by sequentially éxposing each edge of said image
squares with radiation to produce the corresponding edge of said contacts on said
substrate, said squares being offset relative to said substrate prior to each subsequent
exposure in said sequence to align each of said image square edges to said
corresponding edges of said contacts;

(d) identifying as belonging to a first set of contacts, which of said adjacent
contacts in said array violates said pitches, said contacts which are not identified as
belonging to said first set being included in a second set;

(e) forming a first decomposed image mask comprising the image squares
corresponding to said second set of said contacts; and

() forming a second decomposed image mask comprising the image

squares corresponding to said first set of said of contacts.

22. The algorithm as defined in claim 21 wherein said critical dimension is
defined by the equation
CD =S + (A/NA)

where S is the length of said edges of said contacts, A is the wavelength of said
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radiation, and NA is the numerical aperture of said lithographic tool.

23. The algorithm as defined in claim 22 wherein said minimum horizontal
and vertical pitches is defined as N, where N is equal to CD, and said minimum
diagonal pitch is defined as M, where M is given by the equation

M= /2 (A/NA).
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