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1 Introduction

Abstract. Imaging interferometric lithography (lIL) employs the resolu-
tion enhancement technique (RET) of off-axis illumination (OAI) to over-
come the spatial frequency resolution limitations that are imposed by the
band limitedness of a conventional optical lithography system. IIL im-
proves upon the aerial image resolution of a conventional optical lithog-
raphy system by providing a wavelength division multiplexing approach
toward the attainment of the maximum spatial frequency coverage of 2/\,
which is independent of the numerical aperture of the optical system. IIL
combines OAI, which provides access to higher spatial frequencies of
the mask, with multiple exposures and several different configurations of
the polarization parameters, the frequency parsing parameters, and the
exposure energy ratios are possible. Although experiments detailing the
resolution enhancement capabilities of IIL in isolated parameter settings
exist, a unified approach toward parameter optimization in IIL that would
enable automated software for TcAD is presently lacking. With the objec-
tive of providing a framework for parameter optimization in IIL, we pro-
pose in this paper, an approach that encompasses: (a) polarization di-
versity in the different on-axis or off-axis exposures of IIL, (b) an
aggregate error metric for evaluating aerial image quality, (c) a block-
based optimization process that incorporates the proposed error metric
on representative, smaller blocks of the mask, (d) an optimization pro-
cess that determines the optimal parameter settings for the entire mask
using the lessons learned from the blocks. This framework for optimiza-
tion of parameters in IIL enables comparison of IIL with other contempo-
rary RETs and also enables the study and analysis of hybrid approaches
such as combinations of IIL with optimal proximity correction. Simulation
results that demonstrate the efficacy of the IIL-based approach and re-
inforce its capabilities as a viable RET for subwavelength optical lithog-
raphy are presented. © 2005 Society of Photo-Optical Instrumentation Engineers.
[DOI: 10.1117/1.1898246]
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rently capable of lenses with NA parameters of 0.9-0.95,
have eliminated the need for the extra optics and conse-
quently IIL can be treated as OAIl with additional pupil
plane filtering that ensures uniform weighting of the differ-
ent spatial frequency components of the mask.

Prior work~* by Xiaolan Chen and co-workers has ex-
perimentally demonstrated the resolution enhancement ca-
pabilities of IIL, albeit at a low NA and for isolated con-
figuration parameter settings. There are however, numerous
possible combinations of experimental parameter settings
in IIL that need to be determined and a framework for the
optimization of these parameter settings has not yet been
fully explored. Such a framework is needed to better under-
. > : stand the technical resolution limits of IIL, comparison of
ing optics, IIL needed to reintroduce a reference beam to existing approaches, and for the investigation of other

ensure that the zero-order beam, i.e., the dc term of thepossible hybrid approaches that may yield more
mask is included back in the final imaging. The continuing jmnrovements in the resolution of the underlying aerial
advances in lens design and manufacturing however, CUMimages.

In this paper, we propose a platform for parameter opti-
mization in IIL, by first examining the pertinent equations

Imaging interferometric lithographyllL) is a resolution
enhancement technigU®ET) that has been proposed for
improving the resolution of aerial images produced by a
conventional optical lithography system. Conventional op-
tical lithography systems are constrained by the band lim-
itedness of the underlying optics and unable to incorporate
mask features containing higher spatial frequencies. IIL
combines off-axis illuminatiofOAIl) with multiple expo-
sures to provide a wavelength division multiplexing ap-
proach toward attainment of the ultimate optical spatial fre-
quency coverage of R In its original configuration, due

to the small numerical apertur€@dA) used in the underly-
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Fig. 1 Schematic for IIL setup, IIL off-axis exposure employs tilted
coherent illumination with angle 6.

in IIL theory to understand factors such as the relative ex-

_posure energy ratios that play C”tlc_al roles _m the ae.”al ig. 2 Two-dimensional NA frequency parsing scheme for the dif-

image enhancement process. A detailed Fourier analysis Offerent I1L exposures (the spatial frequency domain has been normal-

the IIL on-axis and off-axis exposures is presented using aized with x; NA,,, NA; are the pupil opening sizes for the IIL on-axis

scalar model to fully understand the essentials of construct-and off-axis exposures separately and NA,. indicates the tilt angle

ing a high-resolution aerial intensity. This model specifi- in the off-axis illumination).

cally applies to the initial, around the lens reference-beam

based, implementation of IIL. Then a vector-imaging model

for two-dimensional(2-D) masks is applied to better ex-

plain polarization effects in aerial images and fully compre- ) . )

hend resolution improvements such as polarization diver- mask and a set of desirable parameter settings that consti-

sity in the different exposures afforded by IIL. We then tute the training sequence are determined. This training se-

propose an optimization framework that includes an aggre- quence is used to initialize the optimization process on the

gate evaluative error function that combines several entire mask. The proposed optimization framework will en-

lithography-based error metrics to assess the quality of theable us to:(a) better understand the limitations and capa-

aerial images produced and also eliminates undesirable sobilities of this proposed lIL-based approadl) compare

lutions that result in the catastrophic errors by penalizing IIL with other approaches such as the partial coherent illu-

them heavily. mination method,(c) explore and analyze hybrid RET
Optimization of the relevant configuration parameters is methods such as IIL-OPC that can provide further improve-

first performed on representative, smaller blocks of the ments in aerial image resolution.
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Fig. 3 Two-beam interference in the air with different incident angles (if the wrong light polarization is used, not only is the image contrast lost
when ¢ is near 90°, but also the image is reversed when ¢ is larger than 90°).
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(a) A T-U mask for simulation example (CDpin = 0.751)
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(b) Using polarized light along the y-axis produces the best aerial image contrast in the
x-OAl exposure of Il

Fig. 4 1L off-axis exposure along the x axis with different polarization configurations: (a) A T-U mask for simulation example (CD,
=0.75\) and (b) using polarized light along the y axis produces the best aerial image contrast in the x-OAl exposure of IIL.

2 Factors Affecting Aerial Image Formation =sin Y(f,g\). From previous analysis with the scalar
For Manhattan geometry, binary chrome masks, IIL config- model® the resultant intensity in the Fourier domain with
ured as in Fig. 1 needs three different types of exposures:all three types of exposures is given as
on-axis (,n), off-axis along thex axis (I x) and off-axis
along they axis (lo1,). The resultant exposure energy F{I”L(x,y)}=a-F{Ion(x,y)}+2{y)2<5(fx,fy)}
from three different on-axis and off-axis IlL exposures can

+ Z{Eoﬁ_x(fx+ deC! fy) ® Ezﬂ_x( - fx

be expressed as
+ fodefy)} + Zyx{Eoff_x(fx afy)

+ E:ff x\ T fy afy)}+2{7§6(fx afy)}
The first parametew represents the energy ratio between ) .
IIL on-axis and off-axes exposures. A useful means of de- + 2{Eof y(fy, fy+ foad ®EGy ((Fy, — Ty
scribing the resolution limits of IIL or, indeed, for any op-
tical system is with spatial frequency analysis that corre- +oad}+ 27 {Borr y(Fx.fy)
sponds to the 2-D spatial Fourier transform of the mask +E% (— . fy)l, 2
transmittance function. Figure 2 indicates the spatial fre- -

quency coverage of each IIL exposure in a frequency plot P 2 . I
that is normalized by the illumination wavelength whereyy and y; are parameters referring to the initial off-

The frequency parsing scheme, i.e., the division of the @IS illumination exposure energies. Assuming that the in-
spatial frequency space between different exposures amond€ns imaging pupil transmission functioRg .(f,fy) and
lons loff x @nd o, can therefore be parameterized by Porry(fx,fy) are circular low-pass cutoff filters with pupil
NA.m NAss «, and NAy ,, which are the pupil opening ~ Sizé 0f NAy; , and NAy , respectivelyEqq , and Eq
sizes of the optical system for the IIL on- and off-axis ex- €an then be deemed as high spatial frequency portions of
posures respectively. NA., and NAy., are specifically ~ the mask's transmittance functiar(f,,f,):
indicative of the tilt angleéd in the off-axis illuminations
along the x and y axes, where =sin }(NA,q Eotr x(fx . fy) =T(fx, Fy) Potr x(fx—fodex. fy),

En(X,y)=aloi(x,y)+1 oﬁ_x(X:Y) +1 off_y(xay)- (1)
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Fig. 5 Total window for IIL and partial-coherent illumination scheme (lIL with the printed linewidth=0.4\ had the almost same process latitude
that using the partial coherent illumination with the printed linewidth=0.47X\).

Eorr y(fx.fy) =T(fx.f)Posr y(fx . fy—fodcy)- (3 Since these polarization effects become critically impor-
) ) ) tant for high NA systems, in this paper we implemented
These results indicate that IIL is able to recover the mask aerial image modeling as the weighted sum of propagating
information back in a linear fashion with retro-parameters plane waveincorporating the correction factors given by
(7x,»7y) and with additional nonlinear terms that may in- Mansuripu? for the modeling formul&. The example de-
duce lithographic errors that need to be corrected by anscribed in Fig. 4 is generated with this vector-imaging
optimization procedure. For the discussions presented inmodel and is specifically for the intrinsic high-NA charac-
this paper, in the interest of brevity, we will restrict the set teristics of IIL produced by the reference beam (A
of parameters that need to be optimized to the relative ex- =0.84 in the example A T-U mask with CD,;,=0.75\ in
posure energy parameters by fixing the frequency coveragewafer scale is shown in Fig(# and the mask simulations
parameters. We also restrict the mode of illumination in the are obtained by setting a<4reduction stepper with N4
IIL exposures to conventional coherent illuminatidbarge =0.76, NAyx=NAgt,=0.76, NAye,=NAgye,=0.84
freq.uency qﬁsets needed.for extreme OAl can only be and vy,, v, for the reference beam are set to one. In Fig.
achieved with a coherent illumination source with a very Ab) | Y ted by diff 1L off-axi i
small partial coherenckFurther, quadrupole illumination (b), 1o x(x.y) are generated by difierent TIL of-axis ex
is the preferred mode of illumination for Manhattan geom- posure along the axis with different polarization co_nﬂgq-
rations and the Fourier scalar model. Clearly using light

etry patterns) that is polarized along thgaxis produces the best contrast.
L o . . On the other hand with . ,(x,y), i.e., the IIL off-axis
3 gf:—?irlf’la;[\ll% Effects and Polarization Diversity exposure along the axis, Iigﬁt that is polarized along the

9 axis produces the best contrast results. Since IIL incorpo-
In high-NA imaging systems, especially those currently rates multiple exposures, we are able to use differently po-
used in the OAI and IIL methods, judicious application of larized light for different off-axis illumination angles, i.e.,
an appropriately polarized light source prevents the loss of incorporate polarization diversity to improve aerial image
aerial image contrast. For example, two-wave interference resolution, where other related OAI based methods are un-
in air is described in Fig. 3 by the zero- and first-order aple to do so.
beam from a dense line-grating mask along yteis. The Figure 5 shows the total window analysisf dense 2-D
reference beanithe zero-orderis fixed at an angle-60° grating lines. Based on the vector-imaging model, we ran
with respect to the axis of illumination and the intensities simulations using different sizes of 2-D block masks in Fig.
from the individua! two beams are adjusted to the same. 5(g) using a constant threshold res{@TR) development
From the results with angl$=58.78°, 84.67°, and 114.94°  model® with a threshold parameter Fhhat is related to
between two plane waves, the aerial images not only showihe normalized exposure dosage. Under the same mask
that the aerial image contrast produced By (polarized  ijth the grating linewidtl1.56\ in the x direction, IIL

light with an initial electric field vector along the axis,  produced a 1X line while partial-coherent illumination
asterisk denotes complex conjugaivill be less than that  method produced a 1.88line. With the partial-coherent
with E§ , but also indicate that a very large anghe-90° illumination scheme, patterns in the mask tend to become

would cause printed patterns to be shifted in such a mannersmoothed and spread out in printed patterns on the wafer.
that may increase the risk of producing errors with 2-D Consequently, we conclude that subresolution feature inser-
masks. tion in the OPC technique is more difficult with partial-
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Fig. 6 Placement error measure (PEM) and aerial contrast error measure (ACE). (At the upper-right corner, PEM is computed by counting the
number of pixels that are in error between printed and target patterns after the CTR model. At the bottom, a wider histogram gap between /iy get
and /e, indicates better aerial image contrast.)

coherent illumination than with IIL due to the lesser degree strophic defects and eventual failure in the underlying
of freedom available for using gaps between patterns. Be-printed circuit be penalized heavilylsland, pinhole,
cause the reference beam in the IIL off-axis exposure in our bridge, and break errors in the top-down profile constitute
example is arriving at a large incident angle upon the wafer, the possible catastrophic errors and will result in circuit
the large phase differences introduced by defocus effectsfailure or leakage currents in the resultant circui8everal
such as lens aberrations or curvature could produce alocalized error metrologies such as the MEEBNd the
smaller depth of focus in IIL in comparison to the partial exposure-defocus windowshave been proposed for opti-
coherent illumination scheme when printing large patterns mization in lithography specifically for line structures. In
such as the one with a printed linewieitth.4\ described in  addition, most approaches towards defining lithographic er-
Fig. 5. For features in the subwavelength regime, and with ror metrics for optimization purposes are pattern specific
the aerial image enhancemelhiigher visibility), 1L still and employ methods that involve explicit tagging of the
retains acceptable process latitude in Comparison to thez-D masks in order to know where to look or measure.
partial-coherent illumination method because high-order  These measures could be placement error measure
beams are arriving from a direction different from the ref- (PEM), line-end shorteningLES), and corner rounding er-
erence beam and consequently there is lesser phase diffefror (CRE). Hence, we propose the use of an aggregate error
ence that may result in defocus effects. In Fig. 5, the expo- measure on the top-down view that is highly correlated
sure latitude with IIL in the printed linewidth0.4\ case  \yith the quality of the corresponding aerial images or resist
was better than that obtained with the partial-coherent illu- yrofiles. Since high quality photoresist materials with low
mination method in the printed linewid#D.47\ case.  gpgorption and high contrast properties are available, the
Through simulations using 2-D gratings of different sizes, oynosure dose through resist depth is usually uniform and
the_minimum printable CD in our IIL example reached can produce high fidelity patterns with steep sidewalls.
0.27\, which is much better than 0.8 &accessible with the Consequently one can directly connect the quality of the

partial-coherent imaging scheme witf-=0.6. aerial image profiles to resist profiles by using the CTR
. . model.

4 Assessment of Aerial Image Quality: An Quantifying aerial image contrast quality through histo-

Aggregate Error Metric gram plots is a useful optimization tool, where the histo-

Before describing the parameter optimization process, cri- grams are used to show the pixel distribution of intensity
teria for distinguishing good and bad aerial images from levels. Let us look at the histogram plots in Fig. 6 that are
each other or more generally a performance metric for the comprised of two groups of histograms and they are de-
assessment of aerial image quality are needed. Global asnoted as “Target Pixel Histogram” and “Clear Pixel His-
sessment guidelines such as the mean squared error metritogram.” These two histograms are created by overlapping
that consider the whole mask/chip are not suitable for li- the normalized aerial image with the corresponding target
thography applications because many of the aerial imagepatterns, where “target pixels” are for the regions that
imperfections such as edge defects are localized and wouldshould have resist remains and “clear pixels” are for those
be averaged out when considering the entire mask. We spethat should be cleared. The PEM error metric can then be
cifically desire that those solutions that result in cata- calculated by counting the number of clear pixels with in-
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old parameter from the CTR model. To quantify and
evaluate the 2-D aerial image contrast quality as in Fig. 6,
we can use the average intensity of clear piXgls, and
the average intensity of target pixeélgqe. Specifically the

O — i . .
intensity difference between these two averages providesPEM(A’) [pixels (overlay difference between printed

useful information on the overall image contrast. To ex- and target patterngpixels (target patterng,
press this contrast quality in the error form, the aerial con- 5
trast error(ACE) metric for positive resist is defined as (5)
ACE=1~(l gear— ltarged - 4

LES=[ | pixelprinted_edgegxly)

. . . . . — pixel X iJpixel
Combing this metric and other error measures described in PiXely g5 ta X0.Y0) aiong thex or y axdP
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Fig. 9 Scattering bar configuration for OPE (bottom panel depicts the changing of the x-axis cutline intensity for various w and d parameters)
mask.
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Fig. 10 Dark serif configuration for corner rounding (bottom panel depicts the change in the x-axis cutline intensity).

CRE= [|Pixe|primededgéX,y) lithography engineers. For example, with a target template
] ) ) described in Fig. 8 there are three tags for LES and four

— pixelcre tag X1, Y1) laiong the 45° or 135 ifixel tags for CRE measurement locations. We generate the
counts of CDy]. @ printed patterns that correspond to the training sequence by

randomly choosing different exposure energy ratwsy, ,

Note that the expressions for the edge-based metrics ofand yy) in the IIL imaging scheme, the individual error
LES and CRE are identical apart from points or tags on the humbers are then tabulated for each result. In order to
mask where these measurements are made. We propose cofmatch the priority of the training sequence member that we
lecting bits and pieces of information from critical locations ~prefer, the relative weighting valuesin Eq. (8) are chosen
between target and printed patterns, and organizing thesemanually and carefully ase;,e,,e;,e4]=[1,14,6,250 so
measures such as PEM, LES, and CRE in such a mannethat we can order the computed CEM{(0) values for the
that makes quality assessment more objective and suitableadifferent printed results from the smallest to the largest in
to software automation .iI'IICAD. After the aerial intens'ity accordance with priority. The weighting values usually
image passes the most important stage of catastrophic erroyary with different target templates, where usually PEM is
checking in our optimization procedure, a cumulative error the dominating factor in the aggregate error function. How-
measurgCEM) for imaging performance is used for quali- ever, since corner rounding in this T—-U mask example is
fying printed patterns and formulated with error measure the major concerre, for CRE is given a heavier weighting
procedures from Eqsd)—(7) as than other error measures.

CEM(z)=e,PEM(z)+ e,ACE(z) + ezavgLES(2)}
+e,avgCRE2)}, (8) 5 Hybrid Approaches: IIL-OPC Study

In the proposed IIL scheme, due to the presence of different
wherez is the defocus distance from the best focus end  linewidths and the underlying dense-iso bias problem asso-
are the weightings for each individual error measure. ciated with the mask features, the transition of a spatial

The numbers from these error measures are mask depenfrequency component associated with the mask from the
dent and are also dependent on the measuring positionsn-axis exposure to an off-axis exposure means that the
(tag9 at the target template, consequently the ability to MEEF and optical proximity effec{OPE performance
choose/manipulate the relative weightingsin the CEM curves have sharp transitions unlike the smooth curves
equation[Eq. (8)] so that differences numerically between found with the partial-coherent illumination methddn
good and had printed resist patterns are better emphasizedaddition to using judicious feature placement on the mask
will depend on the training sequence that we choose for this through thoughtful analysis of the spatial frequency content
purpose. A training sequencthis terminology is borrowed  of the features and application of different frequency-
from the neural networks arena, where a statistically repre- parsing strategies, we could avoid the jumps seen in the
sentative training sequence is first used to enable the netMEEF/OPE curves from occurring in the frequency ranges
work to learn information regarding the signal environment that the desired pattern occupies by applying OPC tech-
before being applied on real dathy definition contains nigues. We can then prevent the occurrence of catastrophic
several candidate printed patterns that have been sorted irerrors in the resulting aerial image by penalizing those so-
terms of quality from the best to the worst by experienced lutions that result in these catastrophic errors heavily. Fur-
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Fig. 11 T-U mask with the partial-coherent illumination (dense feature region is not resolved due to CD,,;,=0.47\ and a low image contrast).

ther, the lithographic edge-quality errors such as LES andthe |IL parameter configuration of o Ve, vy, Tho)
CRE can simultaneously be minimized easily with model- —(2.4,0.6,0.6,0.6).

based OPC approaches. _ » _ Upon completing the description of the optimization
The main purpose of employing additional scattering framework, we can now use this framework to evaluate the
bars (SB)™ as shown in Fig. 9 at1 wafer scale is to  |ipjtations, and more generally the performance of IIL and

reduce the OPE difference between isolated lines and densgg|ated hybrid approaches with other contemporary resolu-
lines. This alp:ﬂroach has been shown to improve CD target-(jon enhancement techniques such as the partial coherent

ing and DOF." The modeling configuration for applying jjjymination method. Application of apodized pupil filtering
SB OPC is parameterized by a pair of facta@:width of i, aach exposure with raised cosine filters can also be used

the S?(W) and (hb) the SE sepgrzétion ddisltamlfel)_ tg_ the 4 ot[© Smoothen the transition from on-axis exposure to off-
main feature. They are described and clearly indicated at s exposure, can further alleviate the abruptness in the IIL

the' “ppef"ef‘ corner of Fig. 9. Through simu_lations o MEEF/OPE curves, and can also help in improving aerial
various widths and displacements of the scattering bars, theimage contrast®

optimization procedure for IIL OPC SB computes the error
measures on the resultant patterns. The illustration describ-
ing the changing of the-axis cutline intensity of aerial
images is shown at the bottom of Fig. 9. With a main : )
linewidth—0.5\, the behavior of IIL is different from that  © Mroraros qn 1l Performance with a 2-D
of the partial-coherent imagifgmethod. Even for a large ] . . )
distance parameted=2\, a wrong displacement of the ~With the vector-imaging model, and using the T-U mask/
subresolution SB with width parameter=0.2\ with IIL target pattern described in Fig. 8, setting (>-0.4\, and
could induce additional printable results suctghsst lines ~ the overall size of the simulation region perjeeperiod,

that are forbidden in any circumstance and in our example =25\, the printed results of the partial-coherent illumina-
with d=\, the width parametew should be less than 02 tion approaciiNA=0.84 ando=0.6) are shown in Fig. 11.

To investigate another possible OPC-based hybrid ap-From the previously described ED window analysis, we
proach, square serifs are introduced at the corners of line-concluded that the minimum printable linewidth is only
turn and line-end as shown in Fig. 10 for a dark serif. 0.47\ with the partial-coherent illumination scheme and
Similar to SB, two parameters are used in the SR configu- catastrophic errororidges appear between the dense lines
ration modelingw for the size of the SR square addor (0.4\) in Fig. 11. Due to the lack of aerial image contrast
the distance from the center of the SR square to the axesthat is depicted in the aerial image intensity plots at the
while moving the serif diagonally along 45°. To demon- bottom of the figures, independent of the adjustment that
strate that OPC serif is applicable in IIL, after modeling the we use for the threshold parameteryTdf the CTR model,
effects of the serif size and placement in IIL OPC, we mea- there will always exist catastrophic errors in the examples.
sure the CRE from the printed results for a linewidth4 As for IIL, the configuration that was used was without
corner of the mask. The best placement for a dark serif is any pupil filtering and the IIL optical system configuration
d=0 andw=0.22\, whereas the size and placement pair was NA),=0.76, NA;; ,=NAy; ,=0.76 and NAqcx
d=0.06\ andw=0.53\ works best for a clear serif under =NA,4.,=0.84. We used(a) unpolarized coherent light
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Table 1 Optimization results for T-U mask [the order of the second energy ratios and threshold gs=2.0, y,=0.8, 7y=0.8,

row is (a, 7x,7y,Tho) and the best result is (2.0,0.8,0.8,0.6)]. Thy=0.6) and the corresponding printed result is shown in
Priority | 1 Priority | 2 Fig. 12. Clearly, in addition .to eliminating the pargmeters
(20,038, 0.8, 0.6) (1.2,0.6, 0.6, 0.6) that correspond to IIL configurations that result in cata-
;?EEI\I‘;I ;gggg gs}\l‘l" ;‘1’1432 strophic errors, the results of optimizing the exposure ener-

u i u i gies serves to illustrate that parameter optimization can sig-

TES 1026042 TES 1020833 nificantly improve the resolution of aerial images even in
CRE | 0.29297 CRE | 0.29297 situations where the partial-coherent illumination scheme
Priority | 3 Priority | 4 fails.
2.0,08,0.6,06) (2.8,08,1.0,06) If further resolution improvements at the line ends and
CEM_ [102.33 ) CEM [ 10269 ired. then the hvbrid h that
S TEECTT T T T corners are required, then the hybrid approach that com-
ACE 0.41345 ACE 0.45092 bines IIL with model-based OPC, i.e., IIL-OPC that was
LES _ |0.16927 LES _ |0.33203 discussed in the previous section is applied. The resultant
CRE | 0.30273 CRE | 0.29297 OPC masks and the corresponding printed pattern out-

comes are shown in Fig. 13 and the specific error measure-
ments before OPC and after the application of OPC are
listed in Table 2. They indicate an improvement in the reso-

for |°.“’ po'larlzed light along thy axis for ot x and () lution of the underlying aerial images of the hybrid scheme,
polarized light along the axis forl o , (incorporated po- IIL OPC, over just IIL

larization diversity.

The block optimization procedutevith the aggregate
error function defined in Eq(8) is then applied to repre-
sentative blocks of the mask with relative weightings fac- 7 conclusions and Future Research Directions
tors of[e;,e,,e3,64]=[1,10,3,3 and is computed at the
best focus, i.e., CEM{=0) and at the defocus plane, i.e.,
CEM(z=0.5\) in hundreds of simulations. Then from
these numerous computed solutions we pick the best 81

possible solutions whi(;h qonstitute the training sequence;parameter in the CTR model. The proposed optimization
we then ran the optimization process on the whole mask ,,cess incorporates an aggregate lithographic error metric
by using another set of weightingge;,e;,es,es] for assessing both the quality of the aerial images produced
=[1,14,6,250 for the T-U mask. The top four resultant and for determining acceptable solutions for these param-
choices from the optimization process on the entire mask eters specifically applied to representative blocks of the
pattern are listed in Table 1, where the information on the mask. The set of these desirable candidates termed the
exposure energy ratios and the threshold parameter areraining sequence is then used to initialize the optimization
given in the order of &,v,,y,,Thy) and the computed process on the entire mask. This optimization process, akin
error measures were the average values obtained from theo training and optimization using neural networks, with
best focus £=0) and the defocus plane{0.5\). Finally, polarization diversity incorporated into the different IIL ex-
we chose the suboptintalset of values for the exposure posures was shown to produce significant improvement in

In this paper, we have presented a novel framework for
optimization of some specific IIL configuration parameters
such as the relative exposure dosages, polarization diversity
of light in the individual IIL exposures, and the threshold

Printed Patterns with a=2.0 1‘=0.8 yv=0.8 Tho=0.6
24— e

| | =Y slice |

| === Xslice |

— YSlice |
Mask along Y |
-== X Slice

---- Mask along X |
Tho level

2’ T T T T T

Intensity

5 4 3 2 1 0 1 2 3 4 5
Unit: illumination wavelength A

Fig. 12 T-U mask with IIL after the energy optimization (patterns are printed without catastrophic errors).
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Printed Patterns with a=2.0 1,=0.8 1y=0.8 Th,=0.6
I 2.4, T 1 ; ,
2 [ ' - Y glice

[ | | === Xslice |

T-U mask after OPC

1 [ — Y Slice
H 2.4 1 | ] Mask along Y
2 ~'l-!20‘::“°.°°‘;6‘ 1216 2 2-3.4 0.4 2-4 s xs"“

---- Mask along X
Aerial intensity along slices Thy, level

Unit: illumination wavelength A

Fig. 13 T-U mask with IIL after the OPC procedure (serifs are applied for corner rounding).

aerial image resolution over the partial coherent illumina- provement in aerial image resolution, reduction in mini-

tion scheme, while simultaneously eliminating solutions mum printed feature size. This claim is consistent with the

that resulted in catastrophic errors. notion envisaged in recent literature that looks at trends in
We further investigated hybrid approaches like IIL OPC applied optics’ that “theoretically there are no fundamen-

to further improve aerial image resolution, where OPC was tal limits to optical lithography,” and what remains to be

used to smooth jumps in the MEEF/OPE curves that are seen is whether these approaches are economically viable.

produced when a spatial frequency component of the mask

moves from the on-axis exposure to the off-axis exposure. Acknowledgments

The simulations presented in this paper, specifically the IIL __ ) ) )

2-D mask example with polarization diversity, resulted in a 1his work was done in collaboration with the Center for

minimum resolvable feature size of GR=0.4\ (77 at 193 Kl/llcgzcZeCRPbﬂgggrmaetegﬁgc;\gLMgh:pr:)l\r/teezsltgyogr[:levao ;

nm) and demonstrate the efficacy/viability of this lIL-based )

approach toward subwavelengthyoptical BI/ithography. Future MURI (Grant No. DAAD19-99-1-0196 Deep Subwave-

research directions that are currently being investigated are:/€ngth Optical Nanolithography.

(a) incorporating the optimization of the critical spatial fre-

quency coverage paramet€rinto a multistage optimiza-  References

tion framework (optimization of the frequency coverage 1. s.R. J. Brueck, “Imaging interferometry—a novel approach to nm-

parameters is a separate combinatorial optimization prob- icaé:ehgﬁtica Islttnggr%?f:%tglrlfgglr;h;ﬁg \Ili\t/ﬁ{)ldrg(ll){ 2_—alO<rlof£:%-in the

lem over the different possible spatial frequency sets and * jijear system Iimit)é of optics,” PhD thesis, %nise?/sity g?New ngico

the different IIL exposures; joint optimization of coverage (1998.

parameters with the relative exposure energies, albeit a 3- X. Chen and S. R. J. Brueck, "Imaging interferometric lithography: a
! wavelength division multiplex approach to extending optical lithogra-

more optimal framework, would make the overall optimi- phy,” J. Vac. Sci. Technol. B6(6), 3392—33971998.
zation problem non tractable (b) incorporation of 4. X. Chen and S. R. J. Brueck, “Experimental comparison of off-axis
apodized pupil filter¥® into this optimization framework, and imaging interferometric lithography,J. Vac. Sci. Technol. B

: . i 17(3), 921-929(1999.

where this has been shown to further improve aerial image s. E. S Wu, B. Santhanam, and S. R. J. Brueck, “Grating analysis of
contrast,(d) study of other hybrid approaches such as IIL frequency parsing strategies for imaging interferometric lithography,”
PSM. Th hvbrid h | ith th timizati Proc. SPIE504Q 1276—12832003.

: ese nybrid approac _es along W'_ . € op 'm'Z.a 0N g M. s. Yeung, “Modeling high numerical aperture optical lithogra-
framework have the potential for providing further im- phy,” Proc. SPIE2726 149-167(1988.

7. M. Mansuripur, “Distribution of light at near the focus of high-
numerical-aperture objectivesJ. Opt. Soc. Am. ALO, 382-388

(1993.
Table 2 Error measurements on printed patterns before and after 8. D. G. Flagello and T. D. Milster, “High-numerical-aperture effects in
the application of model-based OPC. photoresist,”Appl. Opt.36(34), 8944 -8951(1997).

9. A. K. Wong, Resolution Enhancement Techniques in Optical Lithog-
raphy, pp. 66—68, SPIE Press, Bellingham, Washing2001).

T-U mask 10. T. A. Brunner and R. A. Ferguson, “Approximate models for resist
processing effects,Proc. SPIE2726 198-207(1996.
OPC PEM ACE LES CRE 11. F. M. Schellenberg and C. A. Mack, “MEEF in theory and practice,”
Proc. SPIE3E73 189—202((11?99. ‘ | ph
12. B. J. Lin, “The exposure-defocus forestlpn. J. Appl. Phys., Part 1
Before 17.1629 0.3977 0.2344 0.3125 33(12B), 6756(1994).
After 13.1307 0.4184 0.1172 0.1172 13. J. F. Chen, T. Laidig, K. E. Wampler, R. Caldwell, K. H. Nakagawa,

and A. Liebchen, “A practical technology path to sub-0.10 micro

J. Microlith., Microfab., Microsyst. 023009-10 Apr—Jun 2005/Vol. 4(2)



Wu, Santhanam, and Brueck: Characterization of imaging interferometric lithography . . .

process generations via enhanced optical lithograpRygc. SPIE
3873 995-1016(1999.

14. J. F. Chen, T. Laidig, K. E. Wampler, and R. Caldwell, “Practical

method for full-chip optical proximity correction,Proc. SPIE3051
790-803(1997).

15. K. Adam and A. Neureuther, “Analysis of OPC features in binary

masks at 193 nm,Proc. SPIE400Q 711-722(2000.

16. S. R. J. BruecKThere are no Fundamental Limits to Optical Lithog-

raphy: International Trends in Applied OpticA. Guenther, Ed., pp.
85-110, SPIE Press, Bellingham, Washingt2@02.

17. T. M. Tridhavee, B. Santhanam, and S. R. J. Brueck, “Optimization
and apodization of aerial images at high NA in imaging interferomet-

ric lithography,” Proc. SPIE5377, 1544—-15542004).

Eric S. Wu received his BS degree in electronics engineering from
National Chiao Tung University, Taiwan in 1992. After a two-year
military service and receiving his MS degree in electrical engineer-
ing from University of Southern California in 1996, he joined Trident
Microsystems, based in Sunnyvale, California, as a circuit designer
for two years. He received his PhD in electrical engineering in 2003,
at University of New Mexico. His research interests include model-
ing, parameter optimization, and TCAD for imaging interferometric
lithography.

Balu Santhanam received his BS degree in electrical engineering
from St. Louis University, St. Louis, Missouri, in 1992. He obtained
his MS and PhD degrees in electrical engineering from the Georgia
Institute of Technology, Atlanta, in 1994 and 1998, respectively.
From 1998 to 1999, he was a lecturer and postdoctoral researcher
with the Department of Electrical and Computer Engineering at the

J. Microlith., Microfab., Microsyst.

023009-11

University of California, Davis. In 1999, he joined the faculty of the
Department of Electrical and Computer Engineering at the Univer-
sity of New Mexico, Albuquerque, where he is presently an Assistant
Professor. He currently serves as the associate editor for the Inter-
national Journal on Computer and Electrical Engineering, Elsevier
Science. His current research interests include multiple access in-
terference reduction in CDMA systems, multicomponent AM—FM
signal separation, modulation/demodulation, and time—frequency
representations for nonstationary signals, imaging interferometric li-
thography and IIL-related parameter optimization for subwavelength
optical lithography. He is a member of the SPIE, the signal process-
ing and communication societies of the IEEE, and a member of the
ASEE.

S. R. J. Brueck received his BSc from Columbia University in 1965
and his MSc/PhD from MIT in 1967/1971. In 1971, he joined the
Quantum Electronics Group at MIT Lincoln Laboratory. In 1985, he
became the director of the Center for High Technology Materials
(CHTM) and a professor of electrical and computer engineering and
physics at the University of New Mexico. He has extensive experi-
mental and theoretical research contributions to many aspects of
optics and laser spectroscopy. Material systems investigated in-
clude semiconductors, simple molecular liquids, and plasmas used
for semiconductor processing. Under his direction, CHTM has be-
come an internationally recognized center for optoelectronics and
microelectronics related research. He has over 200 published re-
search articles, has edited 7 books, been awarded 21 patents, and
serves as editor of several journals. He is a fellow of the IEEE and
OSA societies and recipient of the IEEE Third Millennium Award.

Apr—Jun 2005/Vol. 4(2)



