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(57) ABSTRACT 
An image enhancement apparatus and method are disclosed. 
The apparatus consists of a spatial frequency ?lter Where 
Zero order mask diffraction information is reduced in an 
alternative pupil plane of the objective lens, speci?cally just 
beyond the mask plane. By introducing an angular speci?c 
transmission ?lter into this Fraunhofer diffraction ?eld of the 
mask, user accessibility is introduced, alloWing for a prac 
tical approach to frequency ?ltering. This frequency ?ltering 
is accomplished using a speci?cally designed interference 
?lter coated over a transparent substrate. Alternatively, ?l 
tering can also be accomplished in a complimentary region 
near the Wafer image plane or in both near-mask and 
near-Wafer planes. 
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APPARATUS AND METHOD OF IMAGE 
ENHANCEMENT THROUGH SPATIAL FILTERING 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

[0001] This is application is a division of US. patent 
application of Bruce W. Smith, application Ser. No. 09/606, 
613, ?led Jun. 29, 2000, Which claims priority from US. 
Provisional Application Nos. 60/142,010, ?led Jul. 1, 1999 
and 60/196,621, ?led Apr. 11, 2000. The contents of these 
applications are hereby incorporated into the present appli 
cation by reference in full. 

FIELD OF THE INVENTION 

[0002] The present invention relates to a method to form 
microlithographic images using a projection exposure sys 
tem for fabricating semiconductor devices. 

BACKGROUND OF THE INVENTION 

[0003] Semiconductor lithography involves the creation of 
small three dimensional features as relief structures in a 
photopolymeric or photoresist coating. These features are 
generally on the order of the Wavelength of the ultraviolet 
(UV) radiation used to pattern them. Currently, exposure 
Wavelengths are on the order of 150 to 450 nm, and more 
speci?cally 157 nm, 293 nm, 248 nm, 365 nm, and 436 nm. 
The most challenging lithographic features are those Which 
fall near or beloW siZes corresponding to 0.5)t/NA, Where X 
is the length and NA is the objective lens numerical aperture 
of the exposure tool. As an example, for a 248 nm Wave 
length exposure system incorporating a 0.60NA objective 
lens, the imaging of features at or beloW 0.25 micrometers 
is considered state of the art. FIG. 1 shoWs the con?guration 
of a projection exposure system. Such an exposure system 
can be used in a step-and-repeat mode (referred to a stepper 
tool) or in a step-and-scan mode (referred to as a scanner 
tool). A UV or vacuum ultraviolet (VUV) source 1 is used 
to pass radiation through the illumination system 2 using a 
condenser lens system 3 and a ?y’s eye microlens array 4. 
An aperture 5 shapes the illumination pro?le to a de?ned 
area and radiation is re?ected from a mirror 6 to pass 
through an illumination lens 7 to illuminate a photolitho 
graphic mask 8. Upon illumination of the photomask 8, a 
diffraction ?eld 11 distributed as spatial frequency detail of 
the photomask 8 is directed through the objective lens 
system 9 to be imaged onto the photoresist coated semicon 
ductor substrate 10. Such an exposure system forms an 
image by collecting at least more than the 0th-order of the 
diffraction ?eld from the photomask 8 With the objective 
lens 9. The absolute limitation to the smallest feature that 
can be imaged in any optical system corresponds to 0.25M 
NA. Furthermore, the depth of focus (DOF) for such an 
exposure tool can be de?ned as +/—k2)\./NA2 Where k2 is a 
process factor that generally takes on a value near 0.5 

[0004] As geometry siZes continue to shrink further beloW 
0.5)t/NA, methods of resolution enhancement are being 
required to ensure that intensity images (also knoWn as 
aerial images) are produced With adequate ?delity and 
captured Within a photoresist material. Such methods of 
resolution enhancement developed over recent years can 
alloW for improvement in addition to those made possible 
With shorter exposing Wavelengths and larger numerical 
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apertures. These methods in effect Work to control the 
Weighting of diffraction energy that is used for imaging. This 
diffraction energy corresponds to the spatial frequency detail 
of a photomask. Phase-shift masking (PSM), off-axis illu 
mination (OAI), and optical proximity correction (OPC) all 
lead to image enhancement through control of the Weighting 
of diffraction energy or spatial frequency that is collected by 
an objective lens. As an example, an attenuated phase shift 
photomask accomplishes a phase shift betWeen adjacent 
features With tWo or more levels of transmission [see B. W. 
Smith et al, J. Vac. Sci. Technol. B 14(6), 3719, (1996)]. This 
type of phase shift mask is described for instance in US. Pat. 
Nos. 4,890,309 and 5,939,227. Radiation that passes 
through clear regions of the such a mask possess a phase ((1)) 
that is dependant on the refractive index and thickness of the 
mask substrate. Radiation is also transmitted through dark 
features formed in the attenuating material by proper choice 
of a material that has an extinction coefficient value gener 
ally less than 1.0. The radiation that passes though these dark 
features possesses a phase that depends upon the refractive 
index and extinction coef?cient values of the mask substrate 
and of the attenuating material. It is chosen so that a 180 
degree phase shift (MD) is produced betWeen clear regions 
and dark regions. Selection of a masking material With 
appropriate optical properties to alloW both a 180 degree 
phase shift and a transmission of some value greater than 0% 
Will reduce the amplitude of the Zero diffraction order 
produced by illumination of the mask. Comparison of the 
resulting frequency plane distribution With that of a conven 
tional binary mask can demonstrate this effect. The normal 
iZed Zero diffraction order amplitude for a binary mask is 0.5 
and the ?rst order amplitude is l/J'IZ as seen from FIG. 2A. 
Using a 10% attenuated phase shift mask, the normaliZed 
Zero diffraction order amplitude is 0.4 and the ?rst order 
amplitude is 1.1/75 shoWn in FIG. 2B. This reduction in the 
Zero diffraction order reduces the amplitude biasing of the 
higher order frequency components and produces an image 
amplitude function that has signi?cant negative electric ?eld 
energy. This leads to an aerial image intensity (Which is the 
square of the amplitude image) that retains Zero values at 
edges of opaque features. This edge sharpening effect leads 
to higher resolution When imaging into high contrast pho 
toresist materials. 

[0005] An attenuated phase shift mask requires a complex 
infrastructure of materials, deposition, etching, inspection, 
and repair techniques to replace the mature chromium on 
quartZ binary photomask process. This ?eld has been inves 
tigated for over ten years and it is not yet certain if suitable 
materials Will exist for 248 nm, 193 nm, or shorter Wave 
lengths. shift masking is dif?cult because of geometry, 
materials, and process issues and scattering artifacts pro 
duced during imaging. As a result, it is questionable phase 
shift masking Will be for use in integrated circuit (IC) 
manufacturing. 
[0006] Off-axis or modi?ed illumination of a photomask 
can produce a similar ifying effect [see B. J. Lin, Proc. SPIE 
1927, 89, (1993) and see B. W. Smith, hy: Science and 
Technology, Marcel Dekker: NeW York, Ch. 3, 235 (1998)]. 
s an example of the prior art, depicting illumination With an 
annulus and lumination pro?les. De?nition of the shape of 
illumination can be carried out the position of the shaping 
aperture 5 shoWn in FIG. 1. Other methods of clude the use 
of beam sputters, diffractive optical elements, or other 
optical rough the use of such annular or quadrupole illumi 
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nation, diffraction orders uted in the objective lens 9 of FIG. 
1 With minimal sampling of the central objective lens pupil. 
An example, is shoWn in FIGS. 4a through 4c for upole, and 
Weak quadrupole illumination. The impact is similar to the 
he Zero diffraction order or frequency produced With phase 
shift masking. In ero order takes on the shape of the 
illumination distribution in the condenser ppropriately 
designed, the central portion of the objective lens pupil can 
be fraction energy. 

[0007] Modi?ed or off-axis illumination can suffer expo 
sure throughput, orientation, effect problems. Contact mask 
features, for example, exhibit little llumination. Implemen 
tation is therefore limited for many applications, also cality. 

[0008] The use of optical proximity correction (OPC) can 
also result in a reduction of fraction energy in the frequency 
plane. Methods of proximity effect reduction have been 
introduced Which are comprised of additional lines, some 
times referred to as OPC assist features, into a mask pattern. 
This Was ?rst disclosed in US. Pat. No. 5,242,770. The 
patterning is such that an isolated line is surrounded by 
sub-resolution OPC assist line features on either side of the 
line, better matching edge intensity gradients of isolated 
features on the mask to more dense features on the mask. 
FIG. 5A shoWs the frequency plane distribution in the 
objective lens pupil for semi isolated lines (1:7 duty ratio) 
compared to the frequency plane distribution of dense lines 
(1:1 duty ratio), FIG. 5B. In addition to the increase in the 
number of diffraction orders present for the more isolated 
features (resulting from a larger pitch value than that for the 
dense features) a signi?cant increase in the Zero order term 
exists. Through the use of small assist features on each side 
of the isolated line, the amplitude of the Zero diffraction 
order can be reduced as higher frequency content is 
increased, seen in FIG. 5C for one pair and for tWo pairs of 
assist features respectively. 

[0009] OPC methods are limited by mask making capa 
bility for ultra small geometry and by limitations imposed by 
neighboring geometry. Implementation is especially dif?cult 
for geometry beloW 180 nm in siZe, limiting practicality. 

[0010] Direct reduction of Zero order diffraction energy 
Within the lens and speci?cally in the lens pupil can be 
carried out by physically obscuring the central axial portion 
of the pupil. The concept of using such in-pupil ?lters (also 
knoWn as pupil-?ltering) has been applied to various optical 
applications, Where the result is a spatial frequency ?ltering 
effect. This has also been studied by various Workers for 
application to semiconductor lithography (see W. T. Wel 
ford, J. O. S. A., Vol. 50, No. 8 (1960), 749 and see H. 
Fukuda, T. TerasaWa, and S. OkaZaki, J. Vac. Sci, Tech. B 9 
(1991) 3113 and see R. M. von Bunau, G. OWen, R. F. Pease, 
Jpn. J. Appl. Phys., Vol. 32 (1993) 5850.). This in-pupil 
?ltering has also been proposed in patents US. Pat. No. 
5,595,857, US. 5,863,712, US. 5,396,311, and US. 5,677, 
757. The imaging characteristics for ?ne geometry (gener 
ally features at or beloW 0.5 )t/NA) have been shoWn to be 
enhanced through the use of various pupil ?lters. A simple 
example of the prior art is shoWn in FIG. 6, Where a pupil 
?lter 38 has a radiation-blocking portion 39 that blocks 
Zero-order diffraction energy from passing through a central 
area of the ?lter and a radiation or radiation or light 
transmitting portion 40 that transmits diffraction energy at a 
peripheral area surrounding the radiation or light blocking 

Jun. 19, 2003 

portion 39. With respect to the projection imaging system of 
FIG. 1, such a prior art ?lter 14 is inserted into the pupil 
plane of the objective lens of the exposure system. By 
obscuring the central portion of the objective lens pupil, Zero 
diffraction order energy is reduced. Opaque or partially 
transmitting (gray) obscuration of up to 70% of the pupil as 
Well as more complex pupil ?lters have also been used 
Where the spatial frequency ?ltering of the ?lter is custom 
iZed for speci?c illumination and masking situations to meet 
certain imaging objectives. Implementation of such in-pupil 
?ltering for semiconductor lithography is not practical or 
feasible because access to the objective lens pupil is difficult 
given the strict requirements placed on the objective lens 
performance. The ?ltering or obscuration of the objective 
lens pupil requires access to the pupil and a lens design 
robust enough to tolerate any phase, absorption, or ?atness 
variations. It is unlikely that a permanent ?ltering value 
Would be chosen for any lithography lens. 

[0011] Apractical solution of spatial frequency ?ltering is 
needed that can lead to the resolution and focal depth 
improvement that is dif?cult With other resolution enhance 
ment methods. The ideal solution is one that could preserve 
most attributes of current manufacturable methods of lithog 
raphy and alloW the ?exibility for application With many 
applications. Furthermore, a spatial frequency ?ltering solu 
tion that could be used together With other resolution 
enhancement methods could reduce demands on those meth 
ods to alloW for their application. 

SUMMARY OF THE INVENTION 

[0012] The present invention is a unique approach to 
reducing Zero diffraction order ial frequency ?ltering in an 
alternative pupil plane, near the mask or the Wafer essible to 
the user in a conventional lithography system. A conven 
tional binary sed With this approach. A conventional full 
circular pupil can be also used as information is not ?ltered 
Within the lens pupil. Furthermore, if combined With sking, 
modi?ed illumination, or optical proximity correction, fur 
ther becomes feasible. 

[0013] A goal of the present invention is to provide a 
practical projection exposure paratus that is capable of 
providing image improvement for a variety of ?ne eatures, 
including one-dimensional and tWo-dimensional geometry, 
in terms of n and depth of focus by reducing the amount of 
Zero order diffraction energy ed from a photomask and 
through the objective lens of a stepper or scanner 

[0014] Asecond goal of the present invention is to provide 
a practical projection od and apparatus that is capable of 
improving the performance of small a openings that are 
otherWise dif?cult to image using other resolution tech 
niques. 
[0015] Afurther goal of the present invention is to provide 
a practical projection od and apparatus that is capable of 
providing means to improve the image teristics of features 
that are different in their optical performance from one t 
images in photoresist can be created that are most favorable 
for all features at ure value or across a small range of 

exposure. 

[0016] An additional goal of the present invention is to 
provide a practical projection od and apparatus that is 
capable of providing imaging improvement that can be in an 
exposure system Without signi?cant modi?cation to the 
system. 
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[0017] A still further goal of the present invention is to 
provide a practical projection od and apparatus that is 
capable of providing for custom image modi?cation ask 
feature type, mask type, illumination, or other imaging 
condition and can ted or removed from an eXposure system. 

[0018] A still further goal of the present invention is to 
provide a practical projection od and apparatus that does not 
introduce signi?cant, measurable, or sources of error to an 
eXposure tool, including uncontrollable effects from tortion, 
polariZation, and defocus. 

[0019] A still further goal of the present invention is to 
provide a practical projection od and apparatus that can be 
speci?cally designed according to desired image ties of a 
mask feature type, mask type, illumination, or other imaging 

[0020] A still further goal of the present invention is to 
provide a practical projection od and apparatus that alloWs 
for imaging improvement at one or more de of the objective 
lens, Where a single location or multiple locations may be 
aging. 
[0021] In order to accomplish the above described goals, 
spatial frequency ?ltering is h the present invention at 
locations outside of the objective lens and at planes he 
objective lens pupil. This alloWs access to diffraction ?eld 
energy or rmation Without requiring access to the physical 
lens pupil. Alternative pupil ted close to object and image 
planes, or mask and semiconductor substrate vely. At pre 
determined distances from these positions, separation is so 
that angular speci?c spatial frequency ?ltering devices 
placed at these electively act on frequency content of an 
image rather than spatial content (i.e. stance). A ?lter is 
provided that controls transmission as a function of angular 
e diffraction ?eld from the photomask geometry. The ?lter 
consists of determined transparent materials at predeter 
mined thicknesses on a transparent t normal or near normal 
incident radiation passes through the ?lter attenuated ined 
amount While radiation at more oblique angle passes unat 
tenuated or ed. The angular transmission properties of the 
?lter act on the spatial nt of the photomask patterns and 
resulting images, Where Zero order d energy is attenuated to 
the largest degree. 
[0022] Additionally, the present invention provides a 
method to hold the ?ltering es at the predetermined separa 
tion distances. One aspect of the present des a spacing 
element Which consists of a ?Xed ring of a Width corre 
sponding separation distance Which is ?Xed to both the 
photomask and to the ?lter, er at the required separation 
distance. Alternatively, the projection eXposure vided With 
an optical changing member for selecting one of a number 
of a ers that provide preferred image modi?cation for at least 
one optical f the photomask features. Alternatively, the ?lter 
is secured at the bottom most objective lens column, closest 
to the image plane of the exposure system. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0023] FIG. 1 is a schematic of a projection eXposure 
system used for lithography. 

[0024] FIGS. 2A , 2B, and 2C shoW the distribution of 
diffraction energy for (A) lumination, (B) strong phase shift 
mask, and (C) attenuated phase shift mask. 

[0025] FIG. 3 shoWs several prior art arrangements for 
modi?ed off-axis or a projection lithography system includ 
ing annular and quadrupole 
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[0026] FIGS. 4A, 4B, and 4C shoW the distribution of 
diffraction energy for (A) uadrupole, and (C) Weak quadru 
pole illumination. 

[0027] FIG. 5A shoWs the diffraction patterns for semi 
isolated lines. 

[0028] 
lines 

[0029] FIG. 5C shoWs the comparison of the diffraction 
patterns of semi-isolated pair (right) and tWo pairs (left) of 
OPC assist lines. 

[0030] FIG. 6 is an eXample of a prior art in-pupil 
radiation blocking ?lter. 

[0031] FIG. 7 shoWs the arrangement of the projection 
exposure system according invention. 

[0032] FIG. 8A, 8B, 8C, and 8D shoW the angular trans 
mission spatial frequency pes. 

[0033] FIG. 9 is a graph shoWing performance of a 
frequency ?lter designs for 5 nm. 

[0034] FIG. 10 is a graph shoWing performance of a fused 
silica angular frequency to operate With large angles. 

FIG. 5B shoWs the diffraction patterns for dense 

[0035] FIG. 11 is a lineWidth linearity plot comparing 
results With a Without an ncy ?lter. 

[0036] FIGS. 12a and 12b shoW aerial image simulations 
for 150 nm 1115 lines avelength and 0.63NA. Results in 
FIG. 12a are for conventional imaging and 12b are for 
imaging With a 25% ?lter. 

[0037] FIG. 13 shoWs aerial image simulations for strong 
off-axis illumination h the ?ltering of the present invention. 
Results on the left are for conventional esults on the right are 
for imaging With a 25% ?lter. 

[0038] FIG. 14 shoWs aerial image simulations for Weak 
off-axis illumination h the ?ltering of the present invention. 
Results on the left are for conventional esults on the right are 
for imaging With a 25% ?lter. 

[0039] FIG. 15 shoWs aerial image simulations for 160 
nm 1: 1.5 contacts using ngth and 0.63NA. Results on the left 
are for conventional imaging and results e for imaging With 
a 25% ?lter. 

[0040] FIG. 16 is a graph that shoWs the image plane 
distribution for contact With ltering. 

[0041] FIG. 17 is a graph that shoWs the polariZation 
effects of a typical frequency tZ substrate. 

[0042] FIG. 18 is a plot of the transmission verses illu 
mination angle of a fabricated ncy ?lter. 

[0043] FIG. 19 illustrates a mounting method used for 
frequency ?ltering near the 

[0044] FIGS. 20a and 20b are graphs comparing a is a 
comparison of dense contact t) the ?ltered results and (right) 
the control (reference). 

[0045] FIG. 21 is a comparison of semi-isolated contact 
F/E matriX (left) the ?ltered ght) the control (reference). 

[0046] FIG. 22 is a comparison of semi-isolated contact 
F/E matriX (left) the ?ltered ght) the control (reference). 














