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ABSTRACT

Two processes were investigated theoretically using both a scalar wave optics model and a microlithography simulation tool
(Solid-C). The first method introduces a phase-transmission filter into the exit pupil plane. The results of both the scalar
optics calculation (aerial image) and the Solid-C simulation (resist image) show that the final image profile is optimum, when
the exit pupil plane filter is divided into two zones with the inner zone having a phase retardation of rc rad with respect to the
outer one and the ratio of the radii of the zones is 0.3. Using this optimized filter for the fabrication of isolated contact holes,
the focus-exposure process window increases significantly, and the depth of focus (DOF) can be enhanced by a factor of 1.5
to2.

The second technique enhances the DOF of the aerial image by means of a birefringent plate inserted between the projection
lens and the wafer. As the shift in focus introduced by the plate strongly depends on the refractive index, two focal points will
appear when using a birefringent plate instead of an isotropic plate: the first one is created by the ordinary, and the second
one is created by the extraordinary ray. The distance between these images can be controlled by the thickness of the plate.
The results of the calculations show that application of a thin but strongly birefringent material is a better candidate than
using a slightly birefringent but thick plate, since aberrations proportional to the thickness can cause undesirable effects.

1. INTRODUCTION

In recent years several methods have been proposed and investigated in optical microlithography to improve the quality of
final resist images. Since any significant stepper modification implies serious expenses, implementation and compatibility
determine the requirements of any new super resolution technique. A new process that requires minimal optical stepper
modification is a much more likely candidate than a technically less feasible one, even if the expected resolution and DOF
enhancement is less.

Both Incoherent and Coherent Multiple Imaging (IMI and CMI) are well-known processes in optical lithography. The FLEX
method increases the DOF significantly using multiple exposures1'2' . The mask is shifted between the exposures, hence the
intensities and not the electric fields are added on the surface of the resist. FLEX is especially effective for the fabrication of
contact holes. However, since the mask-lens distance in most steppers is not changeable, FLEX requires an additional,
motorized precision positioning system. Coherent multiple imaging, such as Super-FLEX3'4'5 or pupil plane filtering is
technically difficult to implement, since the pupil plane of an optical stepper lens usually cannot be reached unless the lens is
disassembled.

The purpose of this paper is the detailed investigation of two techniques that do not require major stepper modifications, but
are able to increase the DOF of the aerial image.
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obstruction ratio defined by R '/R, () is the geometrical focus, arid / is the focus length.
I quation I can he written in terms of' the I .onimel functions.

Je2
/(i'p)/j = 2 {(11(u.v) —i(J7(u.i')I

I
I

JL,2
.J(%p)1J/ = -2 —

11

where L1(u, v) and (i'2u. t') are the l.ommel functions defined by

((u,v) =

2. OPTICAL ENHANCEMENT BY MEANS OF A COATED OBJECTIVE

Ihe theoretical investigation of the resolving poer of' a coated objective dates back to nearly 5() years'751. lhe problem of
coating the objective in order to obtain a diffraction pattern having the smallest central bright spot was studied by .lohn W. Y.
lit in 1971. lIe pointed out that the difi'raction pattern in the local plane of the lens has the smallest central bright spot when
the aperture is divided into two zones, with the inner zone having a phase retardation of 71 rad with respect to the outer one.
I he transmission of both parts is I. It should he noted that "coated objective is a traditional term, since it actually means an
exit pupil plane filter.

2.1 WAVE OPTICS MODEL

figure 1 . ( jeneral annul us.

Ihe total complex disturbance E(/) at point I' near the focus using a perfect lens and a general annulus shown in figure I is:

where: u = kR 2 / , 2 , v = krR 1.1 . k = 2 / A . r = (2 + v2)I /2 is the radius vector in the observation surtice, i; is the

(I)
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The intensity at point P is 1(P) =JE(P)2:

k2R4 !iu ljs2u
2

I(P)= 2 2 e (U1—iU2)—2.e2 (U'1—iU2) (5)fu
In the geometrical focal plane: u—÷O and

1.U1(u,v) J1(v) (6)

limU2 (7)
u-÷O U

hence

I(O,r) =
r2R4 2J1(v) _262 2Ji(v)12 (8),2f2_ V EV j

Along the axis v=O

U2(u,O) = 1 — cos'u , (9)

U1(u,O) = sin'u (10)

hence

I(z 0) =
2R4

2(1 _62)21smnh14u(1 2)2 (sin1/4u2 + 2e415mnh/4622 . (11)
f2A2 1/4u(1—E2) ) " 1/4u ) 1/4e2u )

The above equations were evaluated and depicted graphically by means of a MatCad program. The purpose of the
calculations was to find the optimal value of the obstruction ratio. Since the results of the calculations show that the
optimized value of the obstruction ratio does not depend on the lens parameters, a simple lens was used with the following
parameters: R=Smm; f25mm; X=632nm. Figure 4 depicts relative radial and axial scaling to allow an evaluation of the
resolution and DOF enhancement.

Figure 2 shows the intensity distribution in the geometrical focal plane when the obstruction ratio changes from 0 to 1 .In the
case of e = 0 and = 1 the intensity distribution is the well-known Airy pattern. If the obstruction ratib is increased, the
intensity of the main central peak begins to decrease and reaches its minimum (0) value when e = 0.7071 . If the value of e
further increases, the intensity ofthe central peak begins to increase again. It is worth noting here that the intensity ofthe first
diffraction ring grows continuously if e increases.

Figure 3 depicts the axial intensity distribution related to e. There is a range of e where two foci appear. In case of e=O and
e=1 the axial intensity distribution is the well-known (sin(x)/x)2 function. If we use the definition that DOF is the axial
distance between the central main peak and the first minimum, a coated objective always has a larger DOF than an uncoated
one, except when e=O. 7071.

From the microlithographic viewpoint, high intensity side lobes cause undesirable interference effects. In what follows, the
maximum acceptable intensity of the first diffraction ring was defined as 10% of the central main peak (10% condition).
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Figure 2. Intensity distribution on the focal plane Figure 3. Intensity distribution on the optical axis related
related to the obstruction ratio. to the obstruction ratio.

The 10% condition divides the range of e into three parts:

Part 1: 0 <8 < 0.3
Part2:0.3 <6<0.84
Part 3: 0.84 <c< 1.
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Figure 4. Radial and axial intensity distribution in the two borderline cases.

The intensity of the side lobes is lower than 10% of the central peak in parts 1 and 3. Since the intensity of the first diffracted
ring continuously grows if increases, it is very interesting that with a relatively high obstruction ratio (i> 0.84) the 10%
condition is still satisfied. This is due to the special topology of the surface; the intensity of the central maximum decreases if
e increases to the value of e = 0.7071, and the radius of the first diffracted ring decreases continuously. If the value of e is
further increased, the first ring closes (i > 0.7071) and produces a central peak. The two borderline cases, when the intensity
of the first diffraction ring is 10% of the main peak, can be seen in Figure 4. To make the evaluation easier, every figure
depicts the original normalized Airy pattern. In case of e =0.3 the loss of light is around 33% (Figure 4.a), while in case of e
= 0.84 the loss is around 83% (Figure 4.c).
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The f)OE of a coated objective is always larger than the 1X)E of an uncoated objective, independent of the value of the
obstruction ratio except in one case, when 0.7071. and the intensity in the fcal point becomes zero. l'he DOE
enhancement in the borderline cases is I5% (Figure 4.h) and 45% (Figure 4.d). respectively. However, the axial intensity
distribution in case of t; 0.84 is not homogeneous.

1 he resolution poer of a coated objective is better than that of an uncoated objective if the obstruction ratio is smaller than
0.7071 . (lhe resolution was defined as the radial distance between the main peak and the first mininìuni.) Figure 4.a shows a
17% enhancement of resolution. In the other borderline case (c 0.84 > 0.7071 ) the resolution power decreases by 35%.

2.2 SIMULATIONS USING SOLID-C

An optical lithography simulation software (Solid—C) was used to evaluate the optical enhancement applying the previously
optimized exit pupil plane filter. l)uring the siniulation. the Illowing parameters were used:

• Wavelength: 248 nm . Image model: Normal • FAR: Optimized FAR
• Power: 50 mJ/crn2s • Watr: 513 Nololac positive
• Numerical Aperture: 0.5 • I Jnderlaving I aver: ()ptimited AR(
• Magnification: 5 • Substrate: Poly-Silicon
• Coherence: 0.5
• Flare: 2
• Pupil Shape: Circle

kxposure I)ose [mi/cm 2J
320 380 440

Ihe mask was a simple opaque chrome mask with isolated contacts. Ihe Rayleigh limit of resolution (('I) 0. 6/2.A,l) using a
stepper lens with parameters defined above is 0.3 lherefore. first the designed ('I) on the wafr was 0.3 pm and the
distance between the contacts was 1 .5 jIm.
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Figure 5. Photoresist profiles with difThrent values oh: and exposure doses.
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Since the displayed calculated aerial image does not scale ith the exposure dose using Sol id—( '. the final photoresisi profiles
were evaluated, the optimization ot the process steps' het\een the aerial image and final resist profile calculation ( wafr
reflection. thin film eftects. photocheniical processes etc.) is he\ ond the scope of' this paper. I )uring the simulation used

opti in ted prehui Ii process parameters.

Figure 5 depicts the photoresist profile in the focus after exposure using difirent obstruction ratios and exposure doses. I lie

intensity change ith the increasing c can he seen very clearly, the figure does not show the cases of i; 0.5—0.7. since in this

range the intensity is practical lv tero. 'I he figure does not depict the ease of' i; 1 either, since the %afr profile is the same
when use a clear. uncoated aperture. Solid—(' does not take info account the thickness of the coating. ( )f' course h\

increasing the exposure dose the profile can he enhanced. t lie optimum case is around i; 0.3. From the previous part we
kno that, the intensity of' the side lobes does not exceed 100 of' the ham peak. ( )n the other hand. the required exposure
dose enhancement ( 1 .56) ix not critical. tn case of' c 0.4 the 1 .5 exposure dose enhancement is not enough.

Ii] cn
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I )etcu I I

Coated Aperture (cO.3)
I .urc I )c ri_I I

t' igure 6. locus—exposure process indos using uncoated and coated aperture.
the resolution is 0.3 piii.

I' igure 6 shows the exposed afer profile (just the central contact) for dif'krent hcal positions as a function of the exposure
dose using a clear ( i: 0) and coated aperture (1; 0.3). respectively. I lie shaded parts depict the range '. here the pai'aiiieters arc
in the acceptable process tolerances (10% tolerance in ('I)). 1 lie sides of' the maximum rectangles inside the f'ocus—cxposure
process window show the Dot; and acceptable exposure dose range.

f' a clear uncoated exit pup I is used, the D( )F is only (1.5 pm and the useful energy range lies between 23f) and 25 nil/cm
(. IF 2 mJ cnr ). \\hen using a coated objective, the exposure dose must he increased: the useful energ range is hekcen
419 and 503 iml cnY (.iE--84 m.l/cni). t he increased exposure intensity is almost tice larger than lien a clear aperture is
used. I lie exposure dose scales in Figure 6 are not the same! tn addition. the t )( )F increases to I pin. i.e. becomes twice as
large as without the filter.

I lie efficiency of' the exit filter was also studied using a mask ith contacts smaller than the Rayleigh I inut . I' igure 7 depicts
the focus—exposure dose process windows for 0.25 pni contact holes. the process indo belonging to the 0.25 pni contacts
is smaller than when 0.3 pm contacts are exposed. I towe' er. exit pupil plane filtering enhances the process \ ido
significantly. The useful energy range ithout the filter is heteen 354 and 362.4 nd/cni2 ( IF .4 ni.t/cni ) while . itli the
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litter it ties hetecn 54 and 04 mJcni (. IF 4)) mJ/eni ). ( )n the oilier hand, the I)( )F is 0.( pm. 1 . times larger than
v ithout the filter.
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Figure 7. locus—exposure process indo 5 using uncoated and coaled aperture.
the resolution is 0.25 pm.

It should he noted that the simulation results and the ave optics model agree. Roth calculations sho that the optimum
obstruction ratio is 0.3. In this case, the focus—exposure process windo is enhanced signi ticantlv (the I )( )F inereased by a
factor of 1 .5—2. hile the useful energy range h a factor of 3—4). and the intensii of the first diliiaetion ring is helms 10° of
the main peak. and the required energy increases by 60—()°. lor simulation. e use isolated contacts (the distance hetcen
the holes is S times of the diameter of the holes). and hence interference ci h,c1s heteen the first diffraction rings '.as lot
inestigated. .\ studs of dense hole and other patterns is the scope of titure ork.

3. IMA(;E DUPLICATION BY MEANS OF A BIREFRIN(;FNT PLA'I'E

I he displacement of the fucus point hen a plane parallel plate is placed behind a lens is a ell—kno n fact. ftised on
geometrical optics considerations, the shill of fucus (-VI is:

cos( (/)j. -- ----- -:
—sin(aF

herc d is the thickness. i is the refractive index of the plate and a is the incident angle.

12)
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As the focus shill depends on the refractive index, we
expect that using a hirefringent planc parallel plate
instead of the isotropic plate, two local points will
appear: the first one is created by the ordinary, and the
second one is created by the extraordinary ray (0/c
images). We deal with the case when the optical axis is
perpendicular to the surface's normal.
lhe intensity distribution after the hirefringent plate in
the vicinity ot the focal point was calculated using scalar
wave optics model'''. The angle dependant phase error
introduced by the thin plane-parallel plate is:

0(a) = k.d(n2cos/3—n1cosa). (13)

where /3 is the refractive angle in the plate. n2 is the
refractive index of the plate and n1 is the refractive index
of the environment (we assume that the system is in
vacuum, hence n,l).
Let us introduce a new variables sina/2, and let us
expand 0(s) in terms of a power series in s. By means of
this new variable, the defocus can he represented by a
single terni.

2n1 4

0(s) = k . d(n2 — n1) I + —s + 2(n + n1 H--,s + 4(n + n1 )—-s -i- ... (14)
41-, #11,

Ihe term in s represents the deficus introduced by the slab, while the term in Y represents the primary spherical aberration.
I. sing the scalar theory the intensity in the ftcal region is:

I '[
'U

2 - a,,
."fl—

______ 2 •5jfl%.j(%

where u = 4kzsin(a, /2) . u = kr sin au . and a,1 is the semi-angle of convergence (see l'ignre ).

I sing the new variable the intensity distribution on the optical axis is:

.11)

1(u) = J /3(s) P(s) .

where 13( s ) = 4( 2s 1)1 4 and P( s ) = e' ' is the wavefront aberration function. l)uring the calculation e assumed that
the extraordinary refractive index is constant and does not depend on the direction of the ray. We ha e to reasons fir using
this simplification. On the one hand we use only part of the refractive index ellipsoid which is determined h the numerical
aperture of the projection lens. In case of NA 0.3 (a I ° ) the maximum refractive index di lirenee inside the illuminated
cone is 0.0012 for MgI2 and 0.014 fir calcite, which is smaller than 1004) of the dilThrence between the ordinary and
extraordinary refractive indexes fir both cases. On the other hand, distortions introduced by the non-cylindrical symmetry of
the system can also he addressed, if instead of a single "thick" slab. apply a slab containing several plates. fir hicli the
optical axes are rotated against each other.

13 ire fri ngent

sist

Last element

of' the projection
lens system

Figure . Focusing through a hirefringent plate.

1(u,v) = UIa.c.iu[
'in

.1 sIn(x
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MgF2 Calcite

Figure 9 shows the normalized intensity distributions for MgF2 and calcite slabs using different plate thickness. The numbers
adjacent to the peaks display the intensity maxima comparing with the case when no birefringent plate is used and the
intensity maximum is 1 . The insets depict the 2d intensity distribution on the optical axis. The solid thin lines show the
images created by the ordinary rays, the thin dashed lines show the images created by the extraordinary rays, while the thick
solid lines depict the total intensity distributions. Since MgF2 is a positive uniaxial crystal (n<n), the image created by the
ordinary ray precedes the image generated by the extraordinary ray. Calcite is a negative uniaxial crystal, hence the order of
the o/e images are exchanged. The refractive index difference between the ordinary and the extraordinary rays significantly
determines the final image profile. Calcite is a strongly birefringent material (n0=1.656 n=1.485 dn=O.171), hence a thin,
almost 155 jtm plate is sufficient. In Figure 9.e the separation of the o/e images almost equals their DOF, hence the DOF of
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Figure 9. Calculated intensity distribution in the vicinity of the focus point using a
birefringent slab inserted behind the lens.
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the final image is twice as large as the separated images. Using a thinner plate the ole images came closer to each other,
hence the DOF enhancement is not significant. In case of a thick slab the o/e images are separated and DOF enhancement
cannot be obtained.

MgF2 is a slightly birefringent material (n1.378 n=1.39 dn=O.012), therefore a thicker plate is necessary to reach the same
effect. Figures 9.a,b,c show the intensity distributions using MgF2 plates with different thickness. Since a thick slab beyond
the projection lens causes undesirable aberration effects (see Figure 9.c), the intensity distributions are not as smooth as they
were using calcite plate. The optimum thickness of the MgF2 plate was around 1OOOtm (see Figure 9.b). Hence the
application of a thin but strongly birefringent material is a better candidate than that of a slightly birefringent but thick plate,
since aberrations proportional to the thickness ofthe plate become insignificant.

Since a birefringent plate located between the projection lens and the wafer cannot be defined in the present microlithography
simulation tools, we plan to evaluate the process experimentally.

4. CONCLUSIONS

Two processes were investigated theoretically from the microlithographic point of view to increase the DOF of the aerial
image.

Both aerial image calculations (based on scalar wave optics model) and microlithographic simulations (using Solid-C)
showed that an appropriately defined exit plane filter is able to enhance DOF by a factor of 1 .5 to 2. The focus-exposure
process window becomes significantly larger, even if the designed feature size on the resist is below the theoretical Rayleigh
limit.

A birefringent plate inserted between the projection lens and the wafer shifts the foci created by the ordinary and the
extraordinary rays to different amounts. The distance between these images can be controlled by the thickness of the plate,
and strongly depends on the refractive index. Since aberrations proportional to the thickness of the plate cause undesirable
distortions, the application of a thin but strongly birefringent material is a better candidate than using a slightly birefringent
but thick plate.
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