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BACKGROUND OF THE INVENTION Field of the Invention [0001] The present
invention relates to the field of maskless lithography.  More particularly,
the present invention relates to rasterization methods and  modulation
principles associated with pattern generation in a maskless  lithography
system. Related Art [0002] A significant challenge in maskless lithography
is the development of  efficient rasterization techniques to configure a
reticle for projecting a desired  pattern onto a substrate. For example, in
the case of a spatial light modulator  (SLM), the rasterization technique
determines how to configure the SLM  pixels in a manner that will result in
projection of the desired pattern through  the lithography system's
projection optics. [0003] One conventional rasterization technique used to
configure SLM pixels  includes describing the desired pattern as a union of
polygons. For example, if  the desired pattern is an integrated circuit
(IC), the IC will be first described as  the union of polygons that
represent the elements of the transistors, logic  devices, or other elements
that combine to form the IC. These polygons  include the lines, edges, and
sequences of lines that form the smallest  segments of the IC elements. This
conventional rasterization technique is then  used to select states of the
SLM pixels to create images of these IC elements. [0004] This conventional
rasterization technique includes the computation of a  parameter
illumination table based on an isolated edge parallel to the pixel  grid.
This illumination table approach, however, has several limitations. First,
it does not take into account the orientation of the edge. For example,
edges 



2 associated with the desired pattern may have different slopes with respect
to  the pixel grid. Secondly, the conventional illumination table approach
fails to  take into account the interaction between edges of the pattern in
the case when  they are in close proximity to each other. [0005] The
limitations of the conventional illumination table approach, noted  above,
ultimately produce distortions in the aerial image. These distortions
subsequently restrict the pattern resolution and the pattern placement
accuracy  that can be achieved by the lithography system. [0006]
Rasterization techniques are generally flexible enough to account for
anomalies associated with different types of modulation. For example,
rasterization values for configuring SLM pixels associated with tilting
mirrors  will differ from the values required to configure pistoning
mirrors. This  flexibility, however, is insufficient to compensate for more
subtle anomalies.  These more subtle anomalies can include imperfections in
individual mirrors,  such as curling and mirror height variations, and can
lead to phase errors  causing through-focus dose uniformity problems. [0007]
Tilt mirrors cannot inherently resolve these dose uniformity problems.  For
example, through-focus dose uniformity problems cannot be resolved by  the
absence of actuation of a piston degree of freedom (as is the case in pure
tilt mirrors). Another challenge in relying on tilt mirrors, in these
applications,  is that tilt mirrors can only represent 0  or 180  phase
intensity. For special  situations (e.g., vortex contact hole printing),
other phases (e.g. 90  or 270  or  even intermediate values 45 , 135, 315 )
are needed. [0008] Traditional pistoning mirrors alleviate some of the
through-focus dose  uniformity problems noted above. However, traditional
pistoning mirror  techniques can have parasitic tilt effects (that can be
constant vs. phase or can  vary with the phase actuation). Parasitic tilt
leads to amplitude variations and  finite values of the derivative of phase
vs. the x or y coordinate, in turn  causing not only through-focus dose
variations, but also causing telecentricity  errors. [0009[ What is needed,
therefore, is a more efficient rasterization method and  



system for configuring SLM pixels to project desired patterns onto a
substrate.  What is also needed is a method and system to compensate for
imperfections  in individuals mirrors of the SLM. 3 BRIEF SUMMARY OF THE
INVENTION [0010] Consistent with the principles of the present invention as
embodied and  broadly described herein, the present invention includes a
method for  determining specific pixel modulation states of a spatial light
modulator  (SLM) to print a desired pattern on a substrate. The method
includes selecting  at least one super-pixel in an object plane of the
desired pattern, the super- pixel being formed of at least two pixels. At
least one edge of the desired  pattern crosses a boundary within the
super-pixel. The at least one edge is  defined by specific slope and
position parameters relative to the super-pixel.  The method also includes
(i) forming an interpolation table to tabulate pre- calculated pixel
modulation states and (ii) determining the specific pixel  modulation states
for each of the pixels in accordance with the interpolation  table. [0011]
In a second embodiment, the present invention includes a spatial light
modulator (SLM). The SLM includes a plurality of mirrors structured to form
groups of super-pixels. Each super-pixel (i) includes two or more mirrors
from the plurality of mirrors and (ii) is configured to switch only one
pixel of  light. Each of the two or more mirrors can be separately actuated.
[0012] Further features and advantages of the present invention, as well as
the  structure and operation of various embodiments of the present
invention, are  described in detail below with reference to the accompanying
drawings. BRIEF DESCRIPTION OF THE DRAWINGS/FIGURES [0013] The accompanying
drawings, which are incorporated in and constitute  part of the
specification, illustrate embodiments of the invention and, together  with
the general description given above and detailed description given below,
serve to explain the principles of the invention. In the drawings: [0014]
FIG. I is a block diagram illustration of a maskless lithography system
structured in accordance with an embodiment of the present invention; 



[0015] FIG. 2 is a diagrammatic perspective view of the exposure of a
photosensitive surface consistent with principles of the present invention;
4 [00161 FIG. 3 is an illustration of a conventional illumination table
rasterization technique; 100171 FIG. 4 is an illustration of a rasterization
technique in accordance with  an embodiment of the present invention; 100181
FIG. 5 is a flow diagram of an exemplary method of practicing the  technique
illustrated in FIG. 4; [0019] FIG. 6A is a graphical illustration of
amplitude and phase  characteristics associated with conventional tilt
mirrors; [00201 FIG. 6B is a graphical illustration of amplitude and phase
characteristics associated with conventional phase step mirrors; [0021] FIG.
6C is a graphical illustration of amplitude and phase  characteristics
associated with conventional piston mirrors; [00221 FIG. 7 is an
illustration of a super-pixel in accordance with a second  embodiment of the
present invention; [0023] FIG. 8 is an illustration of variations of the
embodiment of the present  invention illustrated in FIG. 7; 10024] FIG. 9 is
a graphical illustration of vortex production features of the  embodiment of
the present invention illustrated in FIGs. 7 and 8; 10025] FIG. 10 is a flow
diagram of an exemplary method of practicing the  techniques illustrated in
FIGs. 7 and 8; and 100261 FIG. 11 is a block diagram of an exemplary
computer system on  which the present invention can be practiced. DETAILED
DESCRIPTION OF THE INVENTION [00271 The following detailed description of
the present invention refers to the  accompanying drawings that illustrate
exemplary embodiments consistent  with this invention. Other embodiments are
possible, and modifications may  be made to the embodiments within the
spirit and scope of the invention.  Therefore, the following detailed
description is not meant to limit the  invention. Rather, the scope of the
invention is defined by the appended  



claims. 10028] It would be apparent to one skilled in the art that the
present invention,  as described below, may be implemented in many different
embodiments of 5 hardware, software, firmware, and/or the entities
illustrated in the drawings.  Any actual software code with the specialized,
controlled hardware to  implement the present invention is not limiting of
the present invention. Thus,  the operation and behavior of the present
invention will be described with the  understanding that modifications and
variations of the embodiments are  possible, given the level of detail
presented herein. [00291 FIG. 1 is a block diagram view of a maskless
lithography system  arranged in accordance with an embodiment of the present
invention. In  FIG. 1, a maskless lithography system 100 includes a control
system 102. The  control system 102 includes a computer processor, a memory,
and a user  interface configured to enable a user to input data for
instructing the maskless  lithography system 100 to produce a printed
pattern. [00301 The control system 102 is coupled to a light source 104
which provides  light (e.g., pulses) from a light source, such as an excimer
laser or some other  suitable illumination mechanism. The light source 104
is coupled to a beam  relay system 106 which is typically an anomorphic
system that includes a  series of lenses to create a desired pupil filling
and field uniformity in the light  beam produced by the light source 104.
The light output from the beam relay  106 is illuminated onto a programmable
array 108. [00311 The programmable array 108 is configured to receive image
pattern  data 110, representative of a desirable lithographic pattern, and
reflect light  representative of the image to a projection optics (PO) 109.
The pattern data  110 is also known in the art as mask layout data (i.e.,
pre-rasterization). The  light reflected from programmable array 108 passes
through the PO 109 and  then falls onto the substrate 112. The function of
the Projection Optics is (1) to  form an image of the object on the
substrate and (2) to reduce the image  compared to the dimensions of the
object. A pattern, representative of the  image data 110, is then imaged
onto a photosensitive surface 112, such as a  



wafer substrate, which is being scanned at a constant velocity. As
understood  by those of skill in the art, the images that are to be
projected onto the  photosensitive surface 112 are contained in the
programmable array 108 and  may be changed by a user via the control system
102. 10032] The programmable array 108 can include an SLM, or some other
suitable micro-mirror array. By way of background, an SLM is an array 6
composed of a multitude of individually controlled pixels (otherwise
referred  to as SLM elements). Each pixel can change its optical properties
in a  controllable manner so that the field in the object plane can be
modulated. A  typical SLM has square pixels arranged in a rectangular array,
with each pixel  having an ability to change only one of the parameters
characterizing its  optical properties (one-parametric local modulation)
within a certain range. 100331 For example, an existing SLM has 16 x 16 m2
tilting mirrors arranged  in a 2040 x 512 array and running at a 1 KHz
refresh rate. The light  modulation principles implemented in different SLMs
can be classified as  transmittance modulation, modulation by light
deflection, phase shift  modulation, de-focus modulation, and/or a
combination of several of the  aforementioned modulation types. [0034] FIG.
2 is a diagrammatic perspective view of more detailed aspects a  maskless
lithography system, such as the system 100 of FIG. 1. In FIG. 2, a  system
200 includes an SLM 202, a PO 203, and a substrate 204 having a
photosensitive surface. The SLM 202 includes mirror elements 206  configured
to reflect light pulses 208 onto the substrate 204 within two- dimensional
exposure regions 210. The light pulses 208 are used to form a  pattern 212
within the exposure regions 210. 100351 By way of background, the printed
pattern in a maskless lithography  tool is formed from a sequence of
two-dimensional exposures or shots. Each  of these two-dimensional shots
results from an image of a single SLM being  projected to the surface of the
wafer, and it results in deposition of a dose  within a certain exposure
zone. Additionally, each exposure is created by a  single pulse of light
from the pulsed light source. Since the two-dimensional  



exposure zones are stitched together edge-to-edge, the stitching is very
critical.  A displacement of one exposure zone on the order of a few
nanometers can  create pattern errors along the edge that are clearly
visible and detrimental to  features within the pattern. 100361 FIG. 3 is a
block diagram illustration of a conventional maskless  rasterization
technique 300. By way of background, the goal of rasterization is  to
determine, for a particular reticle pattern, how to configure individual SLM
mirrors in order to form the optimum aerial image in a wafer plane. 7 [00371
The rasterization technique 300 includes a pre-calculated look-up
(illumination) table 301 having values for configuring SLM pixels to project
a  desired pattern onto a substrate. An exemplary substrate is the substrate
204  of FIG. 2. The table 301 is derived by considering edges that are
parallel to  pixel edges. 100381 For example, in FIG. 3, a pattern 302 is
comprised of a plurality of  pixels, such as pixels 303. The pattern 302
also includes a single isolated edge  304 represented by a column of pixels
305. The edge 304 can be created by  turning pixels to left of the column
305 bright and turning pixels to right of the  column 305 dark. To create a
state other than bright or dark, however, the  column of pixels 305 that
form the edge 304 must be modulated. Thus, in  FIG. 3, the pixels 305 are
modulated in a manner to produce a pixel state P1. [00391 The pixel state P1
must be selected in such a way so that the edge 304  (isolated), can be
desirably positioned. This selection can be accomplished by  simulating the
aerial image. Calculation of the aerial image is represented by  curves 306
in a graph 308. Each of the curves 306 represents the aerial image  of the
intensity of the edge 304 as a function of x. Each of the curves 306 also
corresponds to a particular state of the edge pixels 305. [0040[ An image
intensity threshold 309 is used to determine position of the  edge 304. The
image intensity threshold 309 is a function of inherent  properties of the
substrate 204, for example. The point at which the image  intensity
threshold 309 crosses the aerial image, represented by the curves  306,
determines the position of the edge 304. Thus in the graph 308, the  



image intensity threshold 309 is selected in such a way that when the edge
pixels 305 vary their state P1, the edge displaces by the distance equal to
the  dimension of the pixel in the image plane. Stated in other terms, the
edge 304  can be moved from the left of the graph 308 to the right of the
graph 308 by  modulating the pixels 305 within certain limits. 100411 The
analysis represented by the graph 308 produces the illumination  table 301,
which aids in the rasterization of the corresponding mask  representative of
the pattern 302. The conventional illumination table 301  tabulates the
dependence of a fractional clear area 310 (e.g., the position of the  edge
304) based on the state of a pixel for a given illumination mode. 8 [0042]
More specifically, to perform the rasterization of the binary mask, the
conventional technique 300 determines, for each pixel within the pattern
302,  the fractional clear area 310 of this pixel as a fraction of the pixel
area covered  by the bright portion of the pattern 302. The illumination
table 301 is then  used to look-up, or interpolate, a state 312 of the pixel
that would result in the  corresponding fractional clear area 310. [0043]
The illumination table 301, however, is based on an isolated edge  parallel
(single dimension) to the pixel grid. Thus, the illumination table 301
cannot account for the situation when the edge 304 is not parallel to the
pixel  grid. This "unparallel" scenario can be created by a slanted line or
any other  feature with a slanted edge, which will have critical dimension
(CD) variation  along it. Further, the conventional illumination table 301
does not account for  the situation of several edges being in a close
proximity to each other, as  previously stated. The table 301 also fails to
consider edges that may have  different slopes with respect to the pixels
that form the pattern 302. For  example, the technique 300 cannot account
for edges that might cross the  pixels along the diagonal. If edges crossed
the pixels along the diagonal, the  conventional technique 300 would select
the states 300 in the same was as if  the edge was parallel. [0044] Finally,
conventional rasterization techniques, such as the technique  300, are
generally required to operate in real-time. This real-time requirement  



limits applicability of aerial image optimization techniques to
rasterization.  The technique of the present invention, however, resolves
these and many  other deficiencies that are characteristic of the
conventional rasterization  techniques. [0045] FIG. 4 is an illustration of
a rasterization technique 400 in accordance  with an embodiment of the
present invention. Instead of focusing on a single  pixel at a time, the
rasterization technique 400 considers several adjacent  pixels, referred to
herein (in the present embodiment) as super-pixels. [0046] In the exemplary
embodiment of FIG. 4, a super-pixel can be  composed of four pixels that
share a common corner. Instead of focusing on a  single edge, the technique
400 of the present invention considers one or more  edges, as described in
greater detail below. More importantly, these edges can 9 have arbitrary
orientations, which results in a multi-dimensional approach to
rasterization. 100471 Additionally, in a first step, the rasterization
technique 400 includes the  off-line creation of a pre-calculated
multi-pixel, multi-parameter interpolation  table based upon predetermined
illumination modes. In a second step, the  technique 400 provides more
accurate real-time rasterization, based upon the  table pre-calculations.
The combination of the pre-calculated multi-pixel,  multi-parameter
interpolation table and the more accurate real-time  rasterization enable
the present invention to account for edges that are non- parallel to the
pixel grid. This approach also enables the present invention to  account for
the interaction between different edges. [00481 The exemplary embodiment of
the present invention shown in FIG. 4  considers patterns including one or
more straight line edges crossing a super- pixel or passing in its
proximity. For example, consider two edges that form a  particular pattern.
Each edge in the pattern can be characterized by two  parameters (e.g. y =
k*x + b, where k is the slope and b is the position in the  frame or
reference local to the super-pixel), with these parameters varying in
certain steps within certain limits from one pattern to another. Only
reasonable  and meaningful pattern fragments should be considered. 



CALCULATION OF MULTI-PARAMETER INTERPOLATION TABLE 100491 In FIG, 4, for
example, a pattern 402 is formed within an object plane  403. A super-pixel
404 is formed of individual adjacent pixels 405. In  accordance with
principles of the present invention, super-pixels within an  SLM can
overlap, although overlap is not necessarily required. Further, super-
pixels can be formed using different techniques. These differently formed
super-pixels can then be combined, with the resulting combination being
averaged to produce a final super-pixel. 100501 As shown in FIG. 4, the
pattern 403 includes edges 406 and 407. The  edges 406 and 407 intersect to
form a corner 408 within the super-pixel 404.  The edge 406 can be defined
by an exemplary expression y = kl * x + bl. The  edge 407 can be defined by
an exemplary expression y = k2 * x + b2. The  pattern 402, outside of the
super-pixel 404, is a mask formed by the 10 continuation of the straight
line edges outside of the super-pixel 404 (thus,  there are no pixels
depicted outside of the super-pixel 404). [0051] Inside the super-pixel 404,
states pl, p2, p3, p4 (or tilts) of the  individual pixels 405 are selected
so that the pattern inside of the super-pixel  404 is rendered optimally for
a given illumination mode (in the aerial image or  even in the substrate).
For instance, the states pl, p2, p3, p4 of the pixels 405  can be selected
to minimize placement error (PE) of each of the edges forming  the pattern
within the super-pixel 404. The states pl, p2, p3, p4 can also be  selected
to ensure the highest possible normalized image log-slope (NILS) for  each
of the edges 406 and 407. Minimizing PE and ensuring the highest NILS  would
entail, for example, running the optimization routine (understood by  those
of skill in the art and described below) off-line. [00521 Another method to
select the states pl, p2, p3, p4 of the pixels 405 is  to select them so
that the diffracted field from the super-pixel 404 so that it  optimally
approximates the diffracted field from the mask pattern. This  approximation
needs to be performed over the portion of the pupil  participating in the
formation of the image for the given illumination mode. [00531 Yet another
method to select the states pl, p2, p3, p4 of pixels 405  



avoids the optimization process by cycling through all possible pixel state
combinations inside the super-pixel 404. After cycling through all possible
combinations, only those states that correspond to a meaningful pattern
fragment inside the super-pixel 404 are selected. The analysis to determine
the  specific states (pl, p2, p3, p4) of pixels 405 is then used to form a
multi- dimensional, multi-parameter interpolation table 409. [0054] The
multi-dimensional, multi-parameter interpolation table 409 is pre-
calculated and is independent of any specifically desired pattern. In other
words, this pre-calculated multi-dimensional, multi-parameter interpolation
table 409 represents an initial step that is performed off-line. [0055]
Being independent of any specifically desired pattern, the multi-
dimensional, multi-parameter interpolation table 409 is dependent upon the
geometry of the pixels of the SLM. The interpolation table 409 is also
dependent upon the modulation principle used, the illumination mode, the
wavelength of light, and parameters of projection optics of the lithography
system. After calculation of the multi-dimensional, multi-parameter 11
interpolation table 409 has been completed, the table values are then stored
in  system memory for later use by during the rasterization process. [0056]
Individuals segments of the pattern 402 (described above) will form  line
entries in the interpolation table 409. Aspects of the segments (e.g., kl_0,
NO, k2_0, b2_0) will form entries of a table column 410, that represents
slope and position of the edges 406 and 407. Other aspects of the segments
(e.g., pl_0, p2_0, p3_0, p4_0) will form entries of a table column 412, that
represents states of pixels 405. That is, the specific states pl, p2, p3, p4
of the  pixels 405, within the super-pixel 404, will result in a pattern
fragment that is  formed by two edges 406 and 407. [0057] In the specific
case of the two edges 406 and 407, the edge parameters  will be (kl bl) and
(k2 b2), respectively, provided that the pattern 402 is  extended beyond the
super-pixel 404. Note that these parameters are reflected  as a line entry
in the multi-pixel, multi-parameter interpolation table 409. This  procedure
is then repeated and generalized to all super-pixels defined within  



the SLM. Additionally, the procedure will include all possible fragments for
all potential patterns. [0058] By way of review, the multi-dimensional,
multi-parameter  interpolation table 409 is constructed by examining all of
the possible  meaningful combinations (polygons, rectangular features,
intersecting lines,  etc.) of slopes and positions of generic patterns that
might be of potential  interest. This process is performed apriorily and is
performed off-line. To  build each line in the interpolation table 409, one
should desirably specify  values of slopes/positions of at least two edges.
[0059] Next, one should select a suitable optimization technique.
Optimization techniques are well known to those of skill in the art and are
used to select the state of pixels that will result in the pattern lines
that  intersect to form angles, or other features, that might occur within a
super- pixel of the SLM. The universe of these possible combinations results
in  formation of the multi-dimensional, multi-parameter interpolation table
409. [0060] An alternative method to provide the multi-dimensional, multi-
parameter interpolation table 409 can be to examine the pixels that form
each  of the super-pixels within the SLM. Each of these pixels can then be
driven 12 through all possible states to compute the slope and position of
edges that  could potentially be formed. REAL-TIME RASTERIZATION [0061]
Although the multi-dimensional, multi-parameter interpolation table  409 is
pre-calculated off-line, rasterization of desired images can be performed
on-line and in real-time. [0062] The real-time rasterization approach of the
present invention, described  more fully below, determines the states of
particular pixels required to project  a desired pattern on a substrate.
These states are determined by conceptually  overlaying the desired pattern
onto the super-pixels of an SLM. The multi- dimensional, multi-parameter
interpolation table 409 was pre-calculated based  upon these generic pattern
related to the super-pixels. The values within the  interpolation table 409
correspond to and represent pixel state (rasterization)  



settings necessary to produce the generic patterns (polygons, rectangular
features, intersecting lines, etc.) discussed above. [0063] The first step
in the real-time rasterization process includes overlaying  the desired
pattern with the pre-calculated super-pixels. When the desired  pattern is
over-laid with the pre-calculated super-pixels, features of the desired
pattern will match (within predetermined thresholds) features of the generic
patterns whose pixels state values have been apriorily recorded in the
interpolation table 409. These pre-calculated pixel state values (related to
generic patterns) can be used to compute rasterization values for the
desired  pattern. These values can be derived from the pre-calculated table
409 entries  through direct look-up, or they can be interpolated from these
table entries. [0064] Stated another way, once values within the
multi-dimensional, multi- parameter table 409 have been computed, one can
examine the table values  and do the look-up, or use table values to perform
interpolation, and then  compute the precise rasterization. Standard
optimization techniques (well  known to those of skill in the art) are then
used to determine, through use of  user defined thresholds, what values from
the table can be used, and how close  matches between desired pattern values
and generic pattern values, must be. [0065] The desired pattern (to be
printed) can be split into fragments  corresponding to each of the
super-pixels, such as the super-pixel 404. The 13 SLM pixels are also
divided into super-pixels (e.g., including four pixels that  share a common
corner). This step produces the grid of super-pixels. Next, a  suitable
exposure strategy should be used. Many different strategies, all well  known
to those in the art, are available The exposure strategy determines, for
example, that when a particular laser pulse is received at the SLM, the
wafer is  moved such that this pulse will be properly projected onto the SLM
to form  the desired pattern. [0066j Once the grid of super-pixels is
determined, the desired pattern can be  divided into pieces that may be
overlapping to ensure stitching. The desired  pattern is first divided into
pieces that correspond to each SLM. Each super- pixel covers a portion of
the pattern. Generally this portion of the pattern will  



include line edges or corners of the pattern. This portion may also include
portions of the background and portions of the features of the polygon.
Theoretically, a super-pixel can include many corners and edges. For most
cases, however, there will be either no edges, one edge, or at most two
edges  that intersect at a certain angle, to form the corner. 100671 By way
of example, when the super-pixel is composed of four pixels  sharing a
common corner, the geometry of the segment of the pattern that  overlaps the
super-pixel is desirably known. When this geometry is known,  the states of
the four pixels that form the super-pixel can be computed. The  state of the
pixel, however, is dependent on the modulation principle used in  the SLM.
For example, using tilting mirrors, the state could represent the  degree of
tilt. If pistoning mirrors are used, the state could represent the level  of
voltage to drive the pistons. [00681 In the example of FIG. 4, where the
edges 406 and 407 intersect to  form the angle 408 within the super-pixel
404, the two edges 406 and 407 are  characterized by four parameters. The
four parameters, for example, include  the slope of the edge 406, position
of the edge 406, slope of the edge 407, and  position of the edge 407
(indicated in the formula above), to form a parameter  quadruple. This
quadruple characterizes the exact geometry of a fraction of  the desired
pattern. At this point, the multi-dimensional, multi-parameter
interpolation table 409 can be used. The interpolation table 409 includes
the  values of the slopes and positions of two (generic) edges that
correspond to the  fraction of the desired pattern. 14 10069] Generally, the
interpolation table 409 will not include entries  representative that
precisely match characteristics of the desired pattern. The  interpolation
table 409 can be used, however, (i) as a look-up table that picks  the
closest quadruple or (ii) to provided pixel state values from which an
interpolation can be performed. 10070] Within, and in the vicinity of each
super-pixel, the pattern fragment is  analyzed and reduced to a small number
(e.g. two) of edges that form the  pattern fragment. These edges have the
parameters (kl bl) and (k2 b2). The  



quadruple (kI, bl, k2, b2) is used to interpolate in the pre-computed multi-
dimensional, multi-parameter table 409 for the interpolated values of the
pixels (pl, p2, p3, p4). This procedure is then repeated for all
super-pixels  within the SLM [00711 Many different conventional techniques,
all well known to those of  skill in the art, can be used to account for the
fact that the some edges might  have an opaque semi-plane on one side and a
transparent semi-plane on the  other. For example, this scenario exists when
two edges intersecting at the  same angle may form different pattern
fragments depending on the edge  orientation. 10072] The present invention
provides infinite slope for any edges parallel to  the y axis. for example,
instead of the single slope k, unit normalized  components can be used to
parametrize the slope of the edge:  x*cos(alpha)+y*sin(alpha) = b. The unit
normal components are [cos(alpha)  sin(alpha)] and one convention mentioned
above can be that the normal  always points towards the bright semi-plane
forming the edge. [00731 Pattern fragments can be formed by at least one
edge located entirely  outside of super-pixels, such as the super-pixel 404.
Such edges still influence  the pattern inside the super-pixel.
Additionally, edges may or may not  intersect within the super-pixel.
Although the current embodiment of the  present invention uses the example
of super-pixels that have four pixels, the  number of pixels in the
super-pixel could be more than four or less than four.  Also, the number of
edges forming the fragment of the pattern could be more  than two or less
than two. [0074] FIG. 5 is a flow diagram of an exemplary method 500 of
practicing the  technique 400 of FIG. 4. In the method 500, at least one
pixel is selected in an 15 object plane of a desired pattern, the
super-pixel being formed of at least two  pixels, wherein at least one edge
of the desired pattern crosses a boundary  within the super-pixel, as
indicated in step 503. The at least one edge is  defined by specific slope
and position parameters relative to the super-pixel.  In step 504, an
interpolation table is formed to tabulate pre-calculated pixel  



modulation states. Specific pixel modulation states are then determined for
each of the pixels in accordance with the interpolation table, as indicated
in  step 506. COMPUTATIONALLY COUPLED MIRRORS 100751 As noted above,
rasterization techniques can compensate for some  anomalies associated with
different modulation techniques. However,  rasterization alone cannot
compensate for more subtle anomalies, such as  mirror imperfections (height
variations, etc.), which can lead to dose  uniformity problems. A second
embodiment of the present invention provides  a method and system for
reducing the affects of minor imperfections. 100761 Conventional optical
mask lithography systems can use, for example,  tilt minors, phase step tilt
minors, piston minors, or hybrid piston-tilt minors.  FIG. 6A is a graph 600
of amplitude and phase characteristics of conventional  tilt mirrors. 100771
As a preliminary matter, square tilt minors generally achieve a  modulation
between 100% and 0% positive phase intensity and beyond to  4.5% negative
phase intensity. It is desirable to obtain negative-phase intensity  of 100%
to be able to emulate alternating phase shift masks. Square phase  step tilt
mirrors reach intensity modulation between 50%, 0% and beyond to - 50%.
These minors reach symmetric intensity modulation in positive and  negative
phase, however at the expense of 50% intensity loss. Manufacturing  of exact
1/4X phase steps anywhere over the device is complex (see FIG. 7, for
example, where minor portions 710 and 712 combine to form a phase step
minor). 100781 FIG. 6A provides a model 602 to show the electromagnetic
field (e- field) resulting from a single tilt mirror with respect to its
environment. More  specifically, the model 602 depicts a plot of the
effective reflectivity of the  modulated pixel minors. As understood by
those of skill in the art, effective 16 reflectivity is the field generated
by the modulated pixel mirror at the origin of  the pupil space, divided by
some reference value of the field (e.g. the field at  the origin of the
pupil space generated by the un-modulated minor pixel).  



Assuming the light is reflected from a single mirror, the light can be
represented by an e-field vector. Depending on the type of mirror, the
e-field  is modified by the mirror in a specific manner. 100791 In FIG. 6A,
as the minor is tilted, the e-field is modulated. In the case  of a tilt
mirror, it is not the phase of the reflected light that is affected as the
e- field is modulated (tilted), but the amplitude of the light. The model
602  includes an e-field magnitude vector 604. The length of the magnitude
vector  604 becomes smaller as the mirror is tilted. The e-field vector 604
is formed  at the edge of a unit circle 606 (representing interaction of
real and imaginary  e-field components). [0080] As shown in FIG. 6A, the
e-field vector 604 is directed towards a  center 607 of the unit circle 606,
along the x-axis. The magnitude of the e- field is represented by the length
of the vector 604. If the degree of tilt of the  minor continues to
increase, the actual e-field magnitude becomes slightly  negative 608 (i.e.,
negative black). [0081] Generally, in the case of perfect tilt mirrors, the
magnitude vector will  be reduced along the x-axis from +1 to zero. In the
case of non-perfect tilt  mirrors, the curve will slightly deviate with the
major thing being that it does  not cross the zero point. Around zero, there
will be an imaginary e-field  component so that in addition to the reduction
in magnitude, there will also be  some refocusing due to combination of
images resulting from the real and  imaginary components. The bottom line
with tilt mirrors, however, is that the  e-field amplitude is directly a
function of the degree of mirror tilt. [0082[ A graph 609 is provided to
illustrate that the tilt mirror has a relatively  large amplitude curve 610,
measured along the y axis 612. This amplitude  curve depicts a maximum
amplitude 613. As the mirror is actuated, however,  the graph 609
illustrates that the amplitude curve 610 decreases and the  reflected light
changes phase as the curve 610 crosses the y-axis 611. The  amplitude
becomes slightly negative as the curve 610 crosses the x-axis 612. [0083]
FIG. 6B is a graphical illustration of amplitude and phase  characteristics
of conventional phase step mirrors. In FIG. 6B, a dotted circle 17 



614 is provided as a point of comparison between the maximum achievable
amplitude of a phase step mirror when compared to maximum amplitude 613,
achievable in the tilt mirror of FIG. 6A. A smaller concentric circle 614 is
provided to show the boundary of the achievable maximum amplitude of light
reflected by the conventional phase-step mirror. [00841 In FIG. 6B, light
amplitude vectors 618 and 620 show that when the  mirror is in a rest
situation (i.e., not actuated), the amplitude of the reflected  wave is
zero. That is, in this rest situation, the light is dark. As the mirror is
tilted, the light amplitude becomes positive or negative, depending on the
tilt  direction. If tilted in one direction, the amplitude vector 618
achieves  maximum length (i.e., maximum amplitude) as it travels toward the
concentric  circle 614 along the x axis, in a first direction. As the mirror
is tilted in the  other direction, the amplitude vector 620 achieves maximum
length as it  travels toward the concentric circle 614 along the x axis, in
a second direction. 100851 One shortcoming of the phase-step mirror is that
at maximum  intensity, the amplitude of the reflected light is still less
than unity, when  compared to a regular mirror, such as a tilted mirror
model of FIG. 6A. This  principle is illustrated more clearly in a graph
622, which depicts that the  maximum achievable amplitude 624 of phase-step
mirrors is still less than the  maximum achievable amplitude 613 of tilt
mirrors. [00861 As understood by those of skill in the art, the left side of
a phase-step  mirror is in opposite phase from its right side. Therefore,
there is always a  degree of cancellation between the left side of the
phase-step minor and its  right side. This cancellation results in its
decreased amplitude, since each side  is in opposite phase with the other.
With the phase step minor, and depending  on the direction of actuation, one
will have pulled light in-phase or out of  phase. Additionally, with the
phase step minor, although the maximum  obtainable amplitude is less than
the amplitude of a regular tilt minor, the  amount of negative e-field is
the same as the amount of positive e-field. 100871 FIG. 6C is a graphical
illustration 625 of amplitude and phase  characteristics of conventional
piston minors. More particularly, FIG. 6C  indicates that if the phase of
the light is modified in a fully uniform manner  



(e.g., by pistoning), then the phase of the e-field is affected. 18 [0088]
FIG. 6C also depicts rotation of an e-field magnitude vector 628 along  a
unit circle 628. As one can observe from the graph 625, pistoning does not
affect the amplitude of the vector. Pistoning does, however, affect the
phase  (i.e., angle) of the vector. Thus, by pistoning the mirror, the phase
of the  reflected light can be changed without affecting its amplitude.
[0089] Piston mirrors have a pure phase modulation effect (amplitude
modulation of piston mirrors stems from the cooperative effect of multiple
piston mirrors having different phase heights). The average phase over
larger  pixel areas is ideally constant over areas of multiple pixels to
guarantee  telecentricity of the imaging. The derivative of phase vs. the
spatial x, y  coordinates in the plane of the array of piston mirrors is
ideally also 0 to  ensure dose uniformity in the image through-focus. [0090]
Typically piston mirrors are square and densely packed in an array.  Also
triangular or hexagonal mirrors can used to densely pack the area. For
appropriate imaging the pixel size on wafer level is typically '/2 the
critical  dimension of the features to be printed (e.g. 30nm pixels for 60nm
lines and  spaces). Piston mirrors are typically actuated to positive phase
and negative  phase alternately in x and y direction resulting in a
checker-board pattern of +  and - phase. [0091] Piston mirrors have inherent
phase and amplitude advantages over  other types of mirrors, such as tilt
mirrors. For example, tilt mirrors can only  represent 0 or 180 phase
intensity. For special applications, such as vortex  contact hole printing,
other phases (e.g., 90 or 270 or even intermediate  values 45, 135, 315) are
needed. These other phases can be achieved with  piston mirrors. However,
piston mirrors can have parasitic tilt effects (can be  constant v. phase or
vary with the phase actuation). Parasitic tilt leads to  amplitude
variations and finite values of the derivative of phase vs. the x or y
coordinate, in turn causing the through focus dose variations and
telecentricity  errors noted above. The present invention provides a
technique that reduces  these dose variations and telecentricity errors. 



[0092] The present invention provides an assembly of n x in (n = 2, 4, .., n
even) piston sub-pixels as a single super-pixel that, by proper actuation of
the  sub-pixels, acts as a pure gray-level modulator. Parasitic errors of
the sub 19 pixels are compensated on the super-pixel level by collective
actuation of the  sub-pixels taking advantage of the n x n degrees of
freedom. [0093] The pure gray-level modulator concept of the present
invention offers  the additional advantage that errors (e.g. parasitic tilt
errors or reflectivity  errors) on the sub-pixel level, can be compensated
on the super-pixel level.  Each of the super-pixels now having n x n (4, 9,
16, .. for n = 2, 3, 4 ...)  degrees of freedom to compensate for these
errors. [0094] Among other things, FIG. 6C provides an illustration of phase
and  amplitude characteristics of a single piston mirror. FIG. 7, however,
provides  a minor configuration 700 representing four mirrors 702, 704, 706,
708  configured to emulate (offering phase and amplitude advantages) the
effects of  the single minor of FIG. 6C. [0095] Although FIG. 7 depicts the
use of four mirrors (behaving as one  minor), the present invention is not
limited to four mirrors and can use any  suitable number of individually
addressable mirrors. Similarly, although the  exemplary n x in assembly
above indicated that "n" was an even number, "n"  can also be an odd number.
Each of the individually addressable minors can  also include a separate
actuation means. [0096] Stating that the minor configuration 700 behaves as
a single minor  means that the minors (sub-pixels) 702, 704, 706, and 708
can be  independently pistoned (moved up and down) in a manner to compensate
for  imperfections contained in a single minor. Additionally, since the
configuration 700 includes four minors, the e-field amplitude components of
each of the four minors 702, 704, 706, and 708 provide a combined amplitude
at a level of four times the level of the single minor of FIG. 6C. [0097] In
terms of addressing, the super-pixel 700 is addressed as one pixel in  the
optimization routine (mentioned above). In order to calculate an aerial
image or a resist image, the super-pixel 700 is used as a single pixel. The



result of this approach is an enhanced an e-field that behaves like the
e-field of  a single mirror. With multiple mirrors (sub-pixels), one can
synthesize the e- field representative of a single mirror by using the
combination 700 of mirrors  702, 704, 706, and 708. [0098] Although
individual minors will have imperfections, specifics of these  imperfections
can be quantified during the standard pre-calibration process. 20 With
knowledge of these imperfections one can still achieve the requested e-
field both in phase and in amplitude because the combination 700 of mirrors
702, 704, 706, and 708. The e-field can be achieved because the mirrors 702,
704, 706, and 708 can be actuated in multiple degrees of freedom. 100991 For
example, two pistoning mirrors, such as mirrors 710 and 712, will  produce
two independent e-fields. As shown in FIG. 7, one vector 714 rotates  along
one unit circle and another vector 716 rotates along another unit circle,
similar to the illustration of FIG. 6C. The linear combination of the two
vectors 714 and 716 will produce the required e-field. In principle, all
e-fields  inside the unit circle are possible with a combination of the two
vectors 714  and 716. 101001 In other applications, a regular mirror could
be combined with a phase- step mirror and/or a pistoning mirror to form the
super-pixel. Where the  regular mirror can be used to control the amplitude
of the e-field and the  phase-step mirror and/or the pistoning mirror, to
control the angle of the e- field. If both of the mirrors 710 and 712 are
calibrated correctly, each mirror  can be used to compensate the
imperfections of the other. [0101[ As an example, during execution of the
optimization routine, one can  determine what the optimal e-field
distribution should be across the super- pixel. During this step, the
individual mirror defects need not be taken into  account. During execution
of the optimization routine, e-fields are requested  of the different
super-pixels. Because knowledge of the individual mirror  imperfections was
previously obtained during calibration, as noted above,  during a final step
the e-field can be translated into deflection values of for the  individual
mirrors 702, 704, 706, and 708. This process compensates for the  



defects of the individual minors and/or non-functional mirrors. [01021
Defects can also be compensated for by performing specific  mechanical and
optical measurements related to the individual minors. For  example, the
surface of an individual minor can be measured to determine any  anomalies
in its actuation levels. Also, the image intensity of individual  minors can
be measured based upon specific test patterns. The results of these
measurements can then be used to reconfigure other minors within the super-
pixel. 21 [0103] In terms of addressing, each of the different sub-pixels or
individual  mirrors 702, 704, 706, and 708 has its own address line. And as
a final mater,  mirror calibration can be performed and the resulting
calibration data can be  stored locally, on the chip. 10104] FIG. 8 provides
a number of different exemplary pistoning variations  800 of the embodiment
of the present invention of FIG. 7. In FIG. 8, the  combination 700 (phase
step left) is shown along with a phase step up  configuration 802, and a
phase step right approach 804. Also included is an  exemplary phase step
down approach 806, a checkerboard up approach 808,  and a checkerboard down
810. Each of the different variations 800 offers  unique advantages, each of
which capitalizes on the n x m degrees of freedom  of the super-pixel. Other
approaches can include, for example, combinations  of phase-step (tilt) and
piston mirrors within one super-pixel. [01051 In the mirror combinations of
FIGs. 7-8, a pure gray-level modulation  mode is provided (to emulate
binary, attenuated phase shift or alternating  phase-shift or chromeless
phase lithography masks). Actuation of the sub- pixels 702, 704, 706, and
708 is such that for the entire pixel: [0106] - The intensity is anywhere
between 100, 0% and -100%;  [01071 - The average phase of the pixel is
either exactly 0 or 180; and  [01081 - The derivative of phase vs. x and y
is zero. 101091 FIG. 9 provides graphical illustrations 900 showing that the
embodiment of the present invention of FIGs. 6-8 can be used to produce
vortex imaging. Vortex imaging is exotic and difficult to realize. Typically



multiple etch steps are required to realize the vortex. Pistoning minor
devices  provide more flexibility in order to mimic the ideal vortex
situation. One can  use the present invention to construct a vortex mask or
image. 10110] Alternatively, in pure phase-modulation mode ( e.g. to mimic
vortex  mask contact printing (needing phases anywhere between 0  and 360 )
the  piston minors can be used to collectively define areas of defined phase
anywhere between 0  and 360. [01111 FIG. 10 is a flow diagram of an
exemplary method 1000 of practicing  the embodiment of the present invention
illustrated in FIGs. 6-8. In the  method 1000, groups of minors are
configured within the plurality of mirrors 22 to form super-pixels, each
super-pixel (i) including two or more mirrors from  the plurality of mirrors
and (ii) switching only one pixel of light, as indicated  in step 1002. In
step 1004, each of the two or mirrors within the super-pixel is
individually addressed such that the SLM performs at least one of pure gray-
level modulation and pure phase modulation. [0112] As stated above, the
present invention can be implemented in  hardware, or as a combination of
software and hardware. Consequently, the  invention may be implemented in
the environment of a computer system or  other processing system. An example
of such a computer system 1100 is  shown in FIG. 11. [0113] The computer
system 1100 includes one or more processors, such as a  processor 1104. The
processor 1104 can be a special purpose or a general  purpose digital signal
processor. The processor 1104 is connected to a  communication
infrastructure 1106 (for example, a bus or network). Various  software
implementations are described in terms of this exemplary computer  system.
After reading this description, it will become apparent to a person  skilled
in the relevant art how to implement the invention using other  computer
systems and/or computer architectures. [0114] The computer system 1100 also
includes a main memory 1108,  preferably random access memory (RAM), and may
also include a secondary  memory 1110. The secondary memory 1110 may
include, for example, a hard  



disk drive 1112 and/or a removable storage drive 1114, representing a floppy
disk drive, a magnetic tape drive, an optical disk drive, etc. The removable
storage drive 1114 reads from and/or writes to a removable storage unit 1118
in a well known manner. The removable storage unit 1118, represents a floppy
disk, magnetic tape, optical disk, etc. which is read by and written to by
removable storage drive 1114. As will be appreciated, the removable storage
unit 1118 includes a computer usable storage medium having stored therein
computer software and/or data. [0115] In alternative implementations, the
secondary memory 1110 may  include other similar means for allowing computer
programs or other  instructions to be loaded into the computer system 1100.
Such means may  include, for example, a removable storage unit 1122 and an
interface 1120.  Examples of such means may include a program cartridge and
cartridge 23 interface (such as that found in video game devices), a
removable memory  chip (such as an EPROM, or PROM) and associated socket,
and the other  removable storage units 1122 and the interfaces 1120 which
allow software  and data to be transferred from the removable storage unit
1122 to the  computer system 1100. 101161 The computer system 1100 may also
include a communications  interface 1124. The communications interface 1124
allows software and data  to be transferred between the computer system 1100
and external devices.  Examples of the communications interface 1124 may
include a modem, a  network interface (such as an Ethernet card), a
communications port, a  PCMCIA slot and card, etc. Software and data
transferred via the  communications interface 1124 are in the form of
signals 1128 which may be  electronic, electromagnetic, optical or other
signals capable of being received  by the communications interface 1124.
These signals 1128 are provided to the  communications interface 1124 via a
communications path 1126. The  communications path 1126 carries the signals
1128 and may be implemented  using wire or cable, fiber optics, a phone
line, a cellular phone link, an RF link  and other communications channels. 



[01171 In the present application, the terms "computer readable medium" and
"computer usable medium" are used to generally refer to media such as the
removable storage drive 1114, a hard disk installed in the hard disk drive
1112, and the signals 1128. These computer program products are means for
providing software to the computer system 1100. [01181 Computer programs
(also called computer control logic) are stored in  the main memory 1108
and/or the secondary memory 1110. Computer  programs may also be received
via the communications interface 1124. Such  computer programs, when
executed, enable the computer system 1100 to  implement the present
invention as discussed herein. [01191 In particular, the computer programs,
when executed, enable the  processor 1104 to implement the processes of the
present invention.  Accordingly, such computer programs represent
controllers of the computer  system 1100. By way of example, in the
embodiments of the invention, the  processes/methods performed by signal
processing blocks of encoders and/or  decoders can be performed by computer
control logic. Where the invention is 24 implemented using software, the
software may be stored in a computer  program product and loaded into the
computer system 1100 using the  removable storage drive 1114, the hard drive
1112 or the communications  interface 1124. CONCLUSION [0120] The present
invention has been described above with the aid of  functional building
blocks illustrating the performance of specified functions  and
relationships thereof. The boundaries of these functional building blocks
have been arbitrarily defined herein for the convenience of the description.
Alternate boundaries can be defined so long as the specified functions and
relationships thereof are appropriately performed. [0121] Any such alternate
boundaries are thus within the scope and spirit of  the claimed invention.
One skilled in the art will recognize that these  functional building blocks
can be implemented by analog and/or digital  circuits, discrete components,
application-specific integrated circuits,  



firmware, processor executing appropriate software, and the like, or any
combination thereof. Thus, the breadth and scope of the present invention
should not be limited by any of the above-described exemplary embodiments,
but should be defined only in accordance with the following claims and their
equivalents. [0122[ The foregoing description of the specific embodiments
will so fully  reveal the general nature of the invention that others can,
by applying  knowledge within the skill of the art (including the contents
of the references  cited herein), readily modify and/or adapt for various
applications such  specific embodiments, without undue experimentation,
without departing from  the general concept of the present invention. [0123]
Therefore, such adaptations and modifications are intended to be  within the
meaning and range of equivalents of the disclosed embodiments,  based on the
teaching and guidance presented herein. It is to be understood  that the
phraseology or terminology herein is for the purpose of description  and not
of limitation, such that the terminology or phraseology of the present
specification is to be interpreted by the skilled artisan in light of the
teachings 25 and guidance presented herein, in combination of one of
ordinary skill in the art. 26 WHAT WE CLAIM IS: I A method for determining
specific pixel modulation states of a spatial  light modulator (SLM) to
print a desired pattern on a substrate,  comprising: selecting at least one
super-pixel in an object plane of the  desired pattern, the super-pixel
being formed of at least two pixels;  wherein at least one edge of the
desired pattern crosses a boundary within the super-pixel, the at least one
edge being defined by  specific slope and position parameters relative to
the super-pixel;  forming an interpolation table to tabulate pre-calculated
pixel  modulation states; and 



determining the specific pixel modulation states for each of the  pixels in
accordance with the interpolation table. 2. The method of claim 1, wherein
the modulation states include mirror  deflection settings. 3. The method of
claim 2, wherein the deflection settings include mirror  tilt angle. 4. The
method of claim 1, wherein the deflection settings include piston  settings.
5. The method of claim 1, wherein the at least two pixels are adjacent. The
method of claim 1, wherein the super pixel includes at least 4  adjacent
pixels sharing a common corner. 7. The method of claim 1, wherein the
boundary is a pixel boundary. 8. The method of claim 1, wherein the
pre-calculated pixel modulation  states are based upon a plurality of edge
positions, each edge of the  plurality being defined by respective slope and
position parameters. 27 9. The method of claim 8, wherein the respective
slope and position  parameters are determined in accordance with an off-line
optimization  routine. 10. The method of claim 9, wherein the respective
slope and position  parameters are determined by (i) examining all possible
pixel state  combination within the super-pixel and (ii) selecting
combinations  corresponding to predetermined generic pattern fragments. 11.
The method of claim 1, wherein the pixel modulation sates are selected  from
the interpolation table. 12. The method of claim 1, wherein the pixel
modulation states are  interpolated from the tabulated slope and position
parameters of the  interpolation table. 13. An apparatus for determining
specific pixel modulation states of a  spatial light modulator (SLM) to
print a desired pattern on a substrate,  comprising: means for selecting at
least one super-pixel in an object plane  



of the desired pattern, the super-pixel being formed of at least two
pixels; wherein at least one edge of the desired pattern crosses a  boundary
within the super-pixel, the at least one edge being defined by  specific
slope and position parameters relative to the super-pixel; means for forming
an interpolation table to tabulate pre- calculated pixel modulation states;
and means for determining the specific pixel modulation states for  each of
the pixels in accordance with the interpolation table. 14. The apparatus of
claim 13, wherein the at least one edge intersects  another edge within the
super-pixel; and wherein the at least one edge and the other edge continue
outside of the super-pixel within the object plane. 15. A spatial light
modulator (SLM), comprising: 28 a plurality of mirrors structured to form
groups of super-pixels,  each super-pixel (i) including two or more mirrors
from the plurality of  mirrors and (ii) being configured to switch only one
pixel of light; wherein each of the two or more mirrors can be separately
actuated. 16. The spatial light modulator of claim 15, wherein the plurality
of  mirrors is configured to perform pure gray modulation. 17. The spatial
light modulator of claim 15, wherein the mirrors are  pistoning  mirrors.
18. The spatial light modulator of claim 15, wherein the two or more
mirrors within each super-pixel cooperate to behave as a single tilting
mirror. 19. The spatial light modulator of claim 15, wherein the two or more
mirrors includes at least four mirrors. 20. The spatial light modulator of
claim 15, wherein the two or more  mirrors form an array. 21. The spatial
light modulator of claim 20, wherein each mirror within the  



array represents a degree of manipulation freedom. 22. The spatial light
modulator of claim 15, wherein the actuation of each  mirror is caused by a
separate piston. 23. The spatial light modulator of claim 15, wherein each
of the two or  more mirrors can be independently actuated. 24. The spatial
light modulator of claim 23, wherein each of the two or  more mirrors can be
individually addressed. 25. A method for modulating light within a spatial
light modulator (SLM)  including a plurality of mirrors, the method
comprising: configuring groups of mirrors within the plurality of mirrors to
form super-pixels, each super-pixel (i) including two or more mirrors 29
from the plurality of mirrors and (ii) switching only one pixel of light;
and individually addressing each of the two or mirrors within the
super-pixel such that the SLM performs at least one of pure gray-level
modulation and pure phase modulation. 26. The method of claim 25, further
comprising re-configuring particular  mirrors within at least one group of
the groups of mirrors to  compensate for defects in other mirrors within the
at least one group. 27. The method of claim 26, wherein the re-configuring
is based upon at  least one of a measured actuation level and an image
intensity  associated with the particular mirrors. 28. An apparatus for
modulating light within a spatial light modulator  (SLM) including a
plurality of mirrors, the apparatus comprising: means for configuring groups
of mirrors within the plurality of  mirrors to form super-pixels, each
super-pixel (i) including two or  more mirrors from the plurality of mirrors
and (ii) switching only one  pixel of light; and means for individually
addressing each of the two or mirrors  within the super-pixel such that the
SLM performs at least one of pure  gray-level modulation and pure phase
modulation. 




