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An apparatus for immersion interferometric lithography is described here where the
interfering beams are created by illuminating a first diffraction grating followed by a second
diffraction grating recombining the diffracted beams onto the photo-resist plane.

The main advantage of this system is to be achromatic: thus it is possible to use a basic
commercial ArF excimer laser as the exposure source. We present here the calculations made
to evaluate the different parameters that can influence the depth-of-focus in the immersion
configuration.

As the set-up is mainly based on the two diffraction gratings, it matters to properly design
it. The purpose of this paper is to show the optimization made on the diffraction gratings in
taking into account their fabrication process since they are fabricated using the capabilities of
the silicon line available in our laboratory. On one hand, calculations have been done to
determine the second grating period as a function of the first grating period and the
“immersion NA”. By simply adding a fluid to a “dry” system, we will indeed be able to
improve the depth of focus but not the resolution. In playing with the diffraction grating
periods, we are able to benefit from the introduction of the immersion fluid. We have
performed simulations in order to optimize the grating diffraction efficiency as a function of
the etch depth and the fractional linewidth.

Finally we report on first results obtained with the achromatic immersion interferometer.
The apparatus was used with a 193 nm GAM excimer laser to print resist patterns having a

period of 100 nm with excellent contrast.
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L INTRODUCTION

As immersion lithography becomes increasingly important for next generation device
fabrication, benefits and drawbacks of the introduction of an immersion fluid between the
imaging optics and the wafer have to be studied. In this context, it is of high interest to be able
to understand the properties of hyper high NA imaging and to do so, to have access to a
technique which can mimic an industrial immersion stepper by having the possibility to tune
the polarization state and numerical aperture. Interferometric lithography has proven to be a
useful method to study projection imaging at high numerical aperture (NA), polarization state
impact on imaging, photoresists materials and defectivity due to the introduction of water and
high index fluids [1].

In two waves interference as it is in interferometric lithography, the image printed grating

period A is given by:

_ A2
" 2nsin@  2.NA (1)

where A is the laser wavelength, 8 half of the angle between the two beams, n the fluid
refractive index and NA the numerical aperture.

In standard holographic interferometric lithography at 193 nm where the beam is split and

recombined by mirrors, the image field is limited to a few microns when using a commercial

ArF excimer lasers since temporal and spatial coherences of such a laser are very poor. By

evaluating the variations in phase difference between the two arms as a result of variations in

wavelength and incidence angle. we can define the maximum image field size beyond which

the grating lines wash out. Our resolution criterion is a phase difference smaller the T72.

From ref. 2, the expression of the maximum number of resolved lines N is the following :
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where AA is the spectral bandwidth, A8 the angular width, A the laser wavelength and 0 the
incidence angle.

Hence, using a typical ArF excimer laser having AN = 0.4 nm and AB = 0.4 mrad, the

maximum number of grating lines achievable is N= 300 for 300-nm-period lines, 420 for 100-

nm-period lines and 404 for 80-nm-period lines since N depends on 0, therefore on A. This
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corresponds to field sizes of respectively 90. 42 and 32 um which is too small to be used in

practice. Since researchers have focused on the study of immersion lithography at 193 nm,

several setups have been built around the world. They have been faced those laser limitations,

hence the optical components have to be adapted to obtain high-contrast-fringes. This has

been achieved by either playing on the laser [3, 4] with the use of solid or frequency-doubled

laser or on the optical setup with the design of a high-precision compact Talbot prism lens [5].

Unfortunately such setups are not without disadvantages since they require expensive lasers

and optical components difficult to fabricate. We have built up a setup that has the main

advantage to be achromatic: thus, temporal coherence is irrelevant and spatial coherence

limits only the depth-of-focus within which interference can be obtained. Therefore it is

possible to use a basic commercial ArF excimer laser as the exposure source. The other

advantage of this interferometer is that the main optical elements, namely the two diffraction

gratings. are fabricated using the capabilities of the silicon line available in our laboratory.

Therefore, because of the simplicity and ease of fabrication of the basic optical elements of

the setup, we are free to switch to various applications such as high index fluids testing and

contact holes printing in a very simple way.

In this paper we report on the design of the immersion achromatic interferometer, a tolerance

study and experimental results obtained with immersion achromatic interferometer.

1L DESIGN OF THE OPTICAL SETUP

Our interferometer for 193 nm immersion lithography has been adapted from a setup
studied by researchers at MIT to fabricate large area, spatially coherent gratings with periods
of 100 nm at 193 nm [6, 7, 8]. It consists of two phase gratings made in optically flat fused
silica substrates and a chuck that holds the resist-coated wafers. The incident laser beam 1is
diffracted by the first diffraction grating. The zero-order beam is blocked by a metal foil and
the two first-order beams are incident on the second diffraction grating that recombines them
by second-order diffraction. The medium between the second diffraction grating and the resist
coated wafer is filled with an index matching liquid that enables NA larger than one. The
liquid used is water since it has low absorbance at 193 nm and has a refractive index of 1.44
at 193 nm [9]. Figure 1 is a schematic of our immersion lithography configuration.

This interferometer has the advantage of recording high contrast gratings in resist over
an area as large as the grating diffractive area since it is not limited by the laser spatial
coherence, hence it enables large exposure field. It can be used for study of printability at NA

greater than 1.4 with high index liquids. For liquids with index greater than 1.56 (index of
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fused silica at 193 nm), NA is limited to 1.56 because NA is limited to the lowest refractive
index value between fused silica and the liquid. By turning the last diffraction grating up-side
down, we can get rid off this phenomenon and benefit of the increase of refractive index
whereas the refractive index difference between fused silica and the liquid becomes sufficient
to provide high enough diffraction efficiency.

In this part we will calculate the periods of the two diffractive elements in order to
design the optical setup to achieve numerical apertures of 0.32, 0.97, 1.2 and 1.4. In normal
incidence, thanks to diffraction equations in first order, we describe the diffraction by the first

grating:

siny, =sin 3, = % 3)

1

And by diffraction by the second grating reached by an incident beam with an angle Y,:

. . 2. .
n.siny, =n.sin , = e —sin Y,

2 )

P, P

where Y,, B, Ve and B are the angles of the +1 and -1 orders in the air gap and of the -2 and +2
orders in the water gap respectively (see figure 1).

We define here the equivalent grating pitch Q as

)

TN
|-

1 _

Q
Q takes into account the first grating P; that diffracts in first orders in an arbitrary direction
and the second grating P, that diffracts in second orders in the opposite direction. It can be

viewed as an equivalent grating that replaces the pair P,-P».

From the Eq. (1) we see that the final period of the resist pattern is given by

Q
N== 6
5 (6)
Finally the numerical aperture of the system is equal to
NA = A (7)
Q

From Eq. (7) the NA only depends on the equivalent grating pitch Q and can be increased by
decreasing Q. The NA can reach values greater than 1 by choosing P; and P, so that Q
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becomes smaller than the wavelength. But in the case of dry lithography, when Q<193 nm,
the second-order beams present in the fused silica substrate are reflected back at the fused
silica-air interface because of total internal reflection. Eq. (8) is the necessary condition on the

last medium refractive index N to enable light transmission from fused silica to resist:

N2 8)

We can work with a dry system until Q reaches the wavelength value; when Q>193 nm it is
mandatory to work in immersion.

Fig. 2. shows NAs for different combinations of P; and P». It can be seen that, for the chosen
ranges of P; and P,, NA between 0.3 and 1.8 can be achieved. Moreover, different
combinations of gratings P; and P, can provide the same NA.

For symmetry considerations, we would like to have P;=P,=Q. But the higher the NA, the
smaller the diffraction gratings periods, hence it would necessitate gratings with periods down
to 193nm for NA=1. Since diffraction gratings with such periods become difficult to
manufacture, it is easier to make the system asymmetrical.

Several couples of gratings was designed for achieving different NA, hence different image
pitch values, as shown in table 1. In order to make the manufacturing easier an effort was put

to keep a grating in common between settings, enabling minimal change to tune the NA.

II.  FRINGE FORMATION ANALYSIS

In this section, a complete tolerance study is done in order to evaluate the influence of the
different elements on the fringe formation. Starting from the analysis made for the achromatic
holographic configuration [10], we will do a tolerance analysis for the immersion
configuration. To do so, we will calculate the phase difference between the fields interfering
at the top of the resist and look at its variation with variations of incidence angles and
wavelength.

Referring to Fig.1, the thicknesses of the different media are designed as d;+dd;, g+og,
d>+0d,, exde and are defined with an incertitude term that depends on gap variations and
substrate polishing. n and N are the refractive index of fused silica and water respectively. v,
Bi, Ye and B, are the angles made by the +1 and -1 orders in the first fused silica substrate and
in air respectively. Y, B2, Ye and B are the angles made by the -2 and +2 orders in the second

fused silica substrate and in water respectively.
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The fields amplitudes E1 and E2 following respectively the left and right optical paths and

going successively through fused silica, air, fused silica and water, can be expressed as:

E = 4 exp(iz?nx) xexp(i 27;” (d, £ dd))dosy,) x exp(i27n(g +dg) [dosy, )
: 9)
xB., exp(—i%x) x expl(i 2’; B, + &1,) Bos B,) x expli 2’; N e+ &) os )
2
and
2T .27Tn 2T
E,= A4, eXP(‘IFX) X exp(i I (d, = &d,) Los f3) % eXp(l7(g + g) [Bos B,)

1

(10)
x B, expl(i 21’372 ¥y xexpli 2 (d, + &) os y, ) X expli 27 (e + &) [Bos y,)

2

Where A, A come respectively from the transmittance of the +1 and —1 orders of the first
phase grating and B,, B., come respectively from the transmittance of the +2 and —2 orders of
the second phase grating.

Our interest is on the light intensity since photoresist is sensitive to the intensity and not to the

electric field. The light intensity reaching the resist is equal to:

I :(E:l+E‘2)|1E:1+E‘2)>‘<

11
=(4, B—2)2 +(4, D32)2 + 4, [B_, U [B, [tos(@, - ¢@,) (I

where * denotes the complex conjugate and ¢, and ¢, the phase of E; et E, respectively.

The light intensity is therefore proportional to cos(9;- ¢2). Hence it becomes interesting to

look at the phase difference between E; and E,, @;-¢,, that can be written as:

4nl 27. 271
Qx— A”(dliadl)Eacosyl—cosﬂl)—7<g15g>mcosyg—cosﬁg>

+ 27 (d, £dd,){cos y, —cos B,) + 27TAUV

ACD:¢1 _¢2 = (12)

(ex de){cosy, —cos f3,)

By geometrical considerations, the various angles can be expressed in function of Py, Q, A and
0 (see equations 1 to 8 in appendix).

Since we tend to have the laser beam normally incident on the first grating, 0 is small and sin@
=0.

Finally:
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d0= 12

o J AY \/ AY

2Ly -lo-2] —|i-le+ 2

5 (8% [ sz [+P1J (13)
2 2

+—(dzidl'2)[E\/n —[e—ij —\/nz—(mi J

0
2 ’ 2 _
+7(€i’&) N «9—

The intensity pattern at the resist has a period one-half that of the equivalent grating period Q

since it is a two waves interference system. Because of the additional terms that depends on
thicknesses, medium refractive index, A and 0, the phase difference varies with variations of A
and 0. To be truly achromatic, it is necessary to make this sum of terms independent of A and
0. The differential of A® compared to A and 0 is calculated in the appendix (see equation 9).
By considering the ideal case of dd;=dd,=0g=0e=0, it is possible to choose e, so that dA@

cancels, hence A@becomes independent of A and 6.

The different terms &d;, &d,, &g and de are incertitude terms that depend on gap variations and
substrate polishing. Their random variation along the gratings can introduce a phase
difference greater than /2. The phase difference should therefore remain lower than 102

otherwise this would degrade the fringe contrast. The condition usually used is:
dAcbsg (14)

Since &d;, &d, and Og are fixed by substrate polishing and by the air gap variation, the
remaining unknown is &e. The previous result gives us an interval [0, depmax] in which &e has
to be included to assure high contrast fringes. This interval will be the criterion used to define
the depth of focus of the present imaging system. Indeed, in lithography, the depth of focus is
the range of lens-wafer distances over which linewidths are maintained within specifications
and resist profiles are adequate. In our case, since recorded lines will be well resolved when
the resist coated wafer is far from the last grating of a distance e+de.x, the depth of focus is

equal to 20emax.
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T P i = a0
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For A=193 nm, AB=0.4 mrad, AA=0.04 nm, 6=0.1°, n=1.561, N=1.43 and &d,=0d,=0g=1 um,
the depths of focus are summarized in table 2.

From Eq. 15, the depth of focus is dependent on the various refractive indices, the spectral
bandwidth AA, the angular width AB and the thickness incertitude terms. AA and AB are fixed
by the laser specifications and by using a coherent laser. By changing the last medium from
air to water, the refractive is increased and therefore the DOF is enhanced by a factor of 4 at
an NA of 0.97. The thickness incertitude terms are relevant in the evaluation of the DOF. But
since it becomes challenging to polish fused silica substrates with a flatness tolerance better
than 1 pm on a whole 100-mm plate, the DOF will be limited to the values summarized in
table 2. The higher the NA, the lower the DOF that is why we will see a decrease in DOF with
increasing NA even though it remains much higher than the DOF available on with an

industrial projection tool at same NA.

IV.  PHASE GRATINGS EFFICIENCIES

The gratings depths have been optimized to achieve high diffraction efficiency into first
order at normal incidence for the first grating and into second order at oblique angle for the
second grating. Efficiencies have to be as high as possible since it determines the light
intensity reaching the top of the resist, hence the exposure time. The latter has to be as short
as possible to minimize problems induced by vibrations.
RCWA simulations have been performed to determine the diffraction efficiencies in function
of fractional linewidth and grating depth. Moharam et al. [11] have reviewed a formulation
for the implementation of the RCWA for one-dimensional, rectangular-groove binary gratings
for both TE and TM polarization. This formulation has been shown to be stable and efficient

since energy conservation and convergence to the proper solution with an increasing number
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of field harmonics are achieved with all the grating and the incident-wave parameters. Fig. 3
shows plots of diffraction efficiencies as functions of fractional linewidth and groove depth
for TE and TM polarization. The incidence angle for the first diffraction gratings is 0° and is
dependent on the first grating period for the second grating. This figure shows that diffraction
efficiency is much lower for the second diffraction order and that the larger the groove depth
the higher the diffraction efficiency. The diffraction efficiency in the first order is higher for
groove depth around 170 nm.
The same simulations have been performed for the gratings enabling 0.97 and 1.2 NAs. From
those simulations we have determined the grating groove depth considering fabrication
processes and diffraction efficiencies. For fabrication process purpose, the phase gratings
were chosen with an equal line-to-space ratio for both P; and P, gratings. In table 3, the
chosen groove depth for each grating are summarized. They were chosen to have sufficient
grating efficiencies in TE mode while not scaling down too much the depth so as not to put
too much constraints on the fabrication technology.

Simulations have been done for both TE and TM modes because this setup will be used
for the study of polarization effects at oblique angles. Because it becomes really challenging
to fabricate gratings with diffraction efficiency optimized in TM mode, groove depths have

been chosen to have sufficient efficiency in TE mode.

V. EXPERIMENTAL RESULTS
The first grating pairs enabling NA of 0.32 and 0.97 was used for the first trials to

demonstrate immersion interference imaging with the double diffraction grating immersion

interferometer. A GAM excimer laser at 193nm with a spatial coherence of 500 um and a

temporal coherence of 900 um was used enabling a DOF up to 352 um (table 2). Before

reaching the first diffraction grating the beam was spatially filtered to improve the field

uniformity. A polarizer was used in all experiments unless specified to polarize the light in TE

mode (s-polarization) in order to assure high contrast fringes. Fig. 4 shows the interferometric

setup and its environment. A Fizeau interferometer is placed above the gratings to adjust the

gratings parallelism. The deionized water dispensed between the last grating and the wafer is

filtered and temperature controlled.

After compacting the setup to suppress the effect of vibrations on line profiles, high contrast

lines have been obtained in immersion. XP1020B photoresist was used for all experiments

with thickness of 190 nm and 70 nm for respectively the 150-nm and the 50-nm half-pitch

lines. AR40 was used as a bottom anti-reflective coating with a thickness of 80 nm and
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XP1029 was used as a topcoat with a thickness of 38 nm to suppress the effects of

contamination. All materials were supplied by Rohmé&Haas. Figure 5 shows results obtained

with the immersion achromatic interferometer. High-contrasted lines are obtained with nice

straight profiles even at small dimensions. Resolution from 150 to 50 nm has been

demonstrated in both dry and wet lithography.

VL.  SUMMARY

We have completely designed an immersion interferometer to generate resist patterns with
period down to 60 nm. The great advantages of this setup compared to others already existing
is that it is possible to use a basic commercial ArF excimer laser as the exposure source and
that the main optical elements are home-fabricated enabling us to switch to various
applications such as high index fluids testing and contact holes printing in a very simple way.
Calculations have been performed to evaluate the depth of focus of the system and to
determine the gratings groove depths that enable sufficient diffraction efficiency. However
the depth of focus is affected by the small coherence length of the laser, even though it
remains much higher than in industrial projection tools since the lowest DOF achievable in
the immersion configuration is of 74 um for 80 nm pitch gratings. Imaging at 0.32 and 0.97
NA in both dry and immersion was demonstrated and polarization effects at oblique incidence

angles have been shown.

VII. APPENDIX
Diffraction angles in function of the refractive index, the grating period, the incidence

angle and the wavelength:

siny, = l(i —sin 6) (1) sin 3, = 1 (i +sin @) (2)
n P n P
sin y =i—sin6’ 3) sin 8 =i+sin6? 4)
“ R “ R
siny, = 1 (i —sin6) (5) sin 3, = 1 (i +sin 6) (6)
n Q n Q
siny, = % (g —sin 6) (7) sin 8, = % (g +sin ) (8)

Calculation of dA@ compared to A and ©:
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FIGURE CAPTION

Fig.1. Schematic of the immersion achromatic interferometric configuration and diagram for

calculating the optical paths of two arms of the double diffraction gratings interferometer.

Fig.2. Numerical apertures function of the gratings period P, and P, of the double diffraction

grating interferometer.

Fig.3. Diffraction efficiencies in percent of fused silica gratings at 193 nm as a function of
groove depth and fractional linewidth. a) First-order diffraction efficiency for TE polarization
at normal incidence on a 600-nm-period grating. b) Second-order diffraction efficiency for TE
polarization at 18.8° incidence on a 600-nm-period grating. c) First-order diffraction
efficiency for TM polarization at normal incidence on a 600-nm-period grating. d) Second-
order diffraction efficiency for TM polarization at 18.8° incidence on a 600-nm-period

grating.

Fig. 4. Picture showing the experimental setup of the double diffraction grating immersion

interferometer.

Fig. 5. Resist images using water immersion lithography. a) 150 nm half-pitch corresponding

to 0.32 NA. b) 50 nm half-pitch corresponding to 0.97 NA.
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TABLE CAPTION
Table 1. Gratings designs created for the immersion double diffraction interferometer.
Table 2. Depth of focus values for different NA configurations of the double diffraction
grating interferometer.

Table 3. Grating groove depth of each grating.
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Fig. 1:
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Fig. 2:
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Fig. 3 :
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Fig. 4:
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Fig. 5:
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Table 1:

NA | 032 097 1.2
P1(nm) 600 220 300

P2(nm) 600 210 210
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Table 2:

0.32 0.97 0.97 1.2

(dry) (immersion)

DOF (pm) 352 30 126 74
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Table 3:

NA 0.32 0.97 12
Grating period (nm) Py P, Py P, Pr P;
600 600 220 210 300 210
Grating groove 150 145 170 145 140
depth (nm)
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