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Impact of Polarization Inside a Resist for ArF Immersion Lithography
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Immersion technology with new lens materials and new high-refractive uids is the key technol-ogy to extend the resolution capability of existing 193-nm lithography below the 32-nm patternformation, but it faces more pronounced polarization and reection control issues. In this paper,for a wet system, the propagations of the transverse electric (TE) and the transverse magnetic(TM) waves inside a one-layer resist and a multi-layer resist are described by using the �nite-di�erence-time-domain (FDTD) method with a multi-layer model and a transfer-matrix model,respectively. In the comparison with a dry system, the TE and the TM modes of the wet systemare larger than those of the dry system. Inside the multi-layer resist, the TM and the TE modeschange little at incident angle below 20�. However, for a 45-nm pattern formation, no di�erencebetween the TM and the TE modes is found under the given conditions for incident angles below 20�.
PACS numbers: 85.40.HP, 78.20.Bh, 85.40.BhKeywords: Lithography, Lithography simulation, Immersion lithography, Finite-di�erence time domain,Polarization
I. INTRODUCTION

F2 (157-nm) lithography development faces severalcrucial issues, such as CaF2 birefringence, resists and pel-licles. Also, the substitute of a new wavelength (extremeultraviolet (EUV)) tool takes more time than expectedand the estimated high cost is becoming a great concern.Immersion lithography has been proposed as a methodof improving the resolution of optical lithography andis rapidly emerging as an important candidate for up-coming semiconductor lithography applications becauseimmersion lithography can be readily applied to extendoptical lithography without signi�cant changes to the in-frastructure that has been used for decades. Immersionlithography is a technology in which a liquid with a highrefractive index is �lled between the lens and the resist.As the refractive index of water is 1.43664, the numericalaperture (NA) is 1.43664 � sin �. Due to the Rayleigh ofthe half-pitch size of a pattern (=k1� wavelength/NA),the half pitch can be 33.6 nm (=0.25 � 193/1.43664) fork1 = 0.25, NA = 1.43664 and wavelength = 193 nm [1].In order to understand immersion lithography withhigh and hyper NA, vector e�ects and polarization char-acteristics have been researched. Polarization e�ects ofhigh NA in the mask and the optical lithography sys-tem are modeled to solve problems by applying the op-tical system design and the lithography processes for a
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�ne pattern formation [2{4]. However, wave propagationthrough thin �lms can cause polarization-dependent be-havior due to angle of incidence and polarization insidethe resist depends on the change in the resists refrac-tive index and in the absorption due to the photoactivechemical amplitude. Although the incident light prop-agates normally into the resist, the light can propagatewith a non-normal angle inside a multi-layer resist andthe light can be reected with a non-normal angle froman anti-reective coating (ARC) because the distributionof resist molecules is not uniform.In this paper, immersion e�ects are described by usinganalytical approaches. For a one-layer resist, the wavepropagation of the transverse electric (TE) and the trans-verse magnetic (TM) modes inside resist is simulated byusing the �nite-di�erence-time-domain (FDTD) method.For a multi-layer resist, aerial images of the TM and theTE modes due to incident angles are described by usinga multi-layer model and a transfer-matrix model.
II. EFFECTS OF IMMERSION LIQUID

The propagation of electromagnetic waves in a dielec-tric medium corresponds to the time-dependent Maxell'scurl equations:
r � ~D = r � �" ~E� = 0;r� ~E = �@ ~B@t = ��0 @ ~H@t ;(1)-1685-
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r � ~H = 0;r� ~H = ~j + ~@D@t = � ~E + "@ ~E@t ; (2)

where ~E � ~B� is the electric (magnetic) �eld, ~H is themagnetic intensity, ~D is the electric displacement, ~J isthe current density, �0 is the permeability, " (= "r"0) isthe permittivity and � is the conductivity. When con-ductivity is zero, Eqs. (1) and (2) are~@E@t = 1"r"0r� ~H; ~@H@t = � 1�0r� ~E;
~D (w) = "�r(!) � ~E (w) : (3)

In one-dimension, Maxwell's equations in Eq. (3) can berewritten as~@Ex (t)@t = 1"rp"0�0 @Hy (t)@z ;
@Hy (t)@t = � 1p"0�0 ~@Ex (t)@z : (4)

Hence, the electromagnetic waves in FDTD notation are
~Ex
n+1=2 (k)� ~Ex

n�1=2 (k)�t
= 1"rp"0�0 H

n
y (k + 1=2)�Hn

y (k + 1=2)�x ; (5)
Hn+1
y (k + 1=2)�Hn

y (k + 1=2)�t
= � 1�0 ~Ex

n+1=2 (k + 1)� ~Ex
n+1=2 (k)�x ; (6)

In two-dimension, the FDTD equations (Hx, Hy, Ez) ofthe TM mode are
Dn+1=2
z (i; j)�Dn�1=2

z (i; j)�t
= 1p"0�0

�Hn
y (i+ 1=2; j)�Hn

y (i� 1=2; j)�x
�

� 1p"0�0
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� ; (7)
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z (i; j + 1)� En+1=2

z (i; j)�x ; (8)
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and the FDTD equations (Ex, Ey, Hz) of the TE modeare
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�En
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�En
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x (i; j � 1=2)�t
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z (i; j + 1)�Hn+12

z (i; j)�x ; (11)
Dn+1
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z (i+ 1; j)�Hn+1=2
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Figure 1 shows the one-dimensional propagation ofelectric �elds (Ex) and magnetic �elds (Hy) in a dry sys-tem and a wet system, which were obtained by Eqs. (5)and (6). The dry system is an air ("1) / resist ("3) systemin Figures 1(a1)-(b4) and the wet system is an air ("1)/ water ("2) / resist ("3) system in Figures 1(c1)-(d4).For both systems, it is hard to compare the transmit-tances of the electric �eld and the magnetic �eld due tothe permittivity of resist. However, the reection in thedry system at circle A in Figure 1(a4) is larger than thatof the wet system at circle B in Figure 1(c4).Figure 2 shows the two-dimensional propagation of theelectric �elds (Ez) in the TM mode (Hx; Hy; Ez), whichwere obtained by using Eqs. (7)-(9). Figures 2(b) and(c) are simulated results for the wet system (air ("1) /water ("2) / resist ("3)) and Figures 2(d) and (e) are sim-ulated results for the dry system (air ("1) / resist ("3)).Although it is hard to compare the two-dimensional re-sults, the reection in the wet system is smaller thanthat in the dry system according to the one-dimensionalresults of Figure 2(f). The peak of circle A in Figure 2(c)is produced due to boundary conditions.Figure 3 shows the two-dimensional propagation ofthe magnetic �elds (Hz) in the TE mode (Ex; Ey; Hz)which were obtained by using Eqs. (10)-(12). In com-parison with reection in the dry system in Figure 3(e),the reection in the wet system in Figures 3(c) and (f)is smaller. It is the same immersion e�ects as for theelectric �eld (Ez) of Figure 2.Simulation results of Figures 1-3 are based on a one-layer resist, for which wave magnitude is assumed not tobe reduced due to the thickness of one layer. In boththe one-dimensional results in Figure 1 and the two-dimensional results in Figures 2 and 3, the reection inthe wet system is smaller than that in the dry system atthe resist surface. The transmittance of the wet systemis expected to be larger than that of the dry system. Incomparison with the intensity of the TM expected to bepeak in Figure 2(f), the intensity of the TE peak in Fig-ure 3(f) is larger. The TE mode is expected to be largerthan the TM mode inside the resist.
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Fig. 1. One-dimensional propagation of (a) electric �elds (Ex) and (b) magnetic �elds (Hy) into a dry system (air ("1 = 1) /resist ("3)), (c) electric �elds and (d) magnetic �elds into a wet system (air ("1 = 1) / water ("2 = 1.446) / resist ("3)) by usingEqs. (5) and (6): (1) incident waves in air and (2)-(3) transmitted waves due to the permittivity ("1 = 2, 3 and 4, respectively)of the resist. The circle A in Figure 1 (a4) and circle B in Figure 1 (c4) are reected waves for the dry system and the wetsystem, respectively.

Fig. 2. Two-dimensional propagation of the electric �eld Ez in the TM mode (Hx, Hy, Ez) at (a) an initial time t1, at (b)time t2 and at (c) time t3 in a wet system (air ("1 = 1) / water ("2 = 1.446) / resist ("3)) and at (d) time t2 and (e) time t3 (t1
< t2 < t3) in a dry system (air ("1 = 1) / resist ("3)). (f) One-dimensional propagation of the electric �eld Ez in a wet systemand in a dry system by using Eqs. (7)-(9).

III. MULT-LAYER CALCULATION
With the assumption that the thin-�lm stack consistsof linear isotropic materials, the TE and the TM wavessatisfy Maxwell equations in Eqs. (1) and (2). These

equations can be derived by using transmission and re-ection coe�cients.Figure 4 shows the propagation of the electric �ledin three-dimensional and two-dimensional resist struc-tures. The electric �eld ( ~E) is composed of TE ( ~ETE)
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Fig. 3. Two-dimension propagation of the magnetic �elds Hz in the TE mode (Ex, Ey, Hz) at (a) an initial time t1, at (b)time t2 and at (c) time t3 in a wet system (air ("1 = 1) / water ("2 = 1.446) / resist ("3)) and at (d) time t2 and (e) time t3(t1 < t2 < t3) in a dry system (air ("1 = 1) / resist ("3)). (f) One-dimensional propagation of the magnetic �eld (Hz) in a wetsystem and in a dry system from Eqs. (10)-(12).

Fig. 4. Propagation structure of the electric �eld (a) in a three-dimensional resist, (b) in a two-dimensional resist and (c) ina two-dimensional resist according to the transfer-matrix model.
and TM ( ~ETM ) modes. The incident electric �eld ( ~Einc)is reected at the resist surface and is transmitted intothe resist. The molecular structure of the resist can beassumed to be a multi-layer system with di�erent re-

fractive indices, so that the TE and the TM modes aredistributed inside resist and react with resist molecules.When a multi-thin-dielectric-�lm stack is exposed tomonochromatic light, standing waves are produced in the
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�lm. By satisfying the boundary conditions at each in-terface and solving Maxwell's equations, one can obtain the electric �eld in the thin resist �lm with depth z andlayer j as.

Ej (z; �) = Ej�j�1;j (�j) exp (�i�zjcon�j) + �j;j+1 (�j) �2Dj
(�j) exp (i�jzj cos �j)1 + �j�1;j (�j) �j;j+1 (�j) �2Dj

(�j) (13)

where �j = 2�nj=� is the propagation constant of layerj, Dj is the thickness of layer j, � is the vacuum wave-length of the incident light and nj = nj � kj is the com-plex index of refraction of layer j [5,6]. The expressionfor �D2 should be changed to
�D2 = exp �12

Z D2

0 � (z0) dz0!

� exp �i2��
Z D2

0 n2 (z0) dz0
! ; (14)

where � = 4�k=� is the absorption coe�cient. In theFresnel formulas, the transmission (�) and the reection(�) coe�cients are, in TE polarization and TM polariza-tion,
�ij? (�) = ni cos (�i)� nj cos (�j)ni cos (�i) + nj cos (�j) ;
�ij? = 2ni cos (�i)ni cos (�i) + nj cos (�j) ; (15)
�ijk (�) = ni cos (�j)� nj cos (�i)ni cos (�j) + nj cos (�i) ;
�ijk = 2ni cos (�i)ni cos (�j) + nj cos (�i) ; (16)

For a transfer-matrix model [7], the incident wave from alayer propagates in the +z direction into layer b in Figure4(c):� E+
aE�
a

� = M � E+
bE�
b

� ;
M = D0;1P1D1;2P2 : : : Dn�1;nPnDn;b; (17)

where the transmission matrixDm;n and the propagationmatrix Pm in the m-th layer are, respectively,
Dm;n = 1tm;n

� 1 rn;mrn;m 1
� ;

Pm = � exp (�ik+mzdm) 00 exp �ik+2mdm�
� : (18)

For TE and TM polarizations, the transmittance coef-�cient (t) and reection coe�cient (r) are, respectively,
rTE1;2 = E�1E+1 = k+1z � k+2zk+1z + k+2z = n1 cos �1 � n2 cos �2n1 cos �1 + n2 cos �2 ;

tTE1;2 = E+2E+1 = 2k+1zk+1z + k+2z = 2n1 cos �1n1 cos �1 + n2 cos �2 ; (19)
rTM1;2 = H�1H+1 = �k+1z="1�� �k+2z="2��k+1z="1�+ �k+2z="2�

= (cos �1=n1)� (cos �2=n2)(cos �1=n1) + (cos �2=n2) ;
tTM1;2 = H+2H+1 = 2 �k+1z="1��k+1z="1�+ �k+2z="2�

= 2 (cos �1=n1)(cos �1=n1) + (cos �2=n2) ; (20)
where k+iz = �k+1z, k�2z = �k+2z and k+iz = (2�=�)ni cos �i.The superscript "+" is the downward direction and "-"is the upward direction in Figure 4(c).

IV. ANALYSIS
Figure 5 shows the TE and the TM modes inside theresist due to the incident angle, which were obtained byusing a multi-layer model and a transfer-matrix model.Simulation conditions are 1.44 for the refractive index ofwater, 1.72 for the refractive index of resist, Dill parame-ters of A = 0.0014, B = 1.155 and C = 0.0364, a 120-nmresist thickness, a 86-nm ARC thickness, refractive indexof n = 171 and k = {0.43 for the anti-reective coating(ARC) and a refractive index of n = 0.883143 and k ={2.779 for the wafer. For the multi-layer system (water/ resist / ARC / wafer), the electric �eld inside the re-sist can be calculated by using Eq. (13) with j = 2. Forcomparison with the results of a multi-layer model, thetransmittance and the reection coe�cients of the TMmode in Eq. (16) are used instead of Eq. (20). Whenthe incident TE wave and the incident TM wave are 1,respectively, the TE and TM waves change a little atincident angles below 20� both the multi-layer model inFigures 5(a) and (c) and the transfer-metric model inFigures 5(b) and (d). In both models, the TE and TMwaves of the wet system are larger than those of the drysystem.Figure 6 shows the expected 45-nm critical dimensions(CDs) of 45-nm 1 : 3 line and spaces (L / S) formed inTE and TM modes with incident angles of 0�, 10� and20� by using a multi-layer model and a transfer-metric
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Fig. 5. Aerial images inside a resist of (a) the TE and (c) the TM modes obtained by using a multi-layer model and (b) theTE and (d) the TM modes obtained by using a transfer-matrix model at incident angles 0�, 20� and 60� in a dry system andin a wet system.

Fig. 6. Simulated 45-nm CD of 45-nm with a 1 : 3 L / S in (1a) and (2a) the TE mode in a wet system, in (1b) and (2b)the TE mode with a dry system, in (1c) and (2c) the TM with a wet system and in (1d) and (2d) TM with a dry system atincident angles 0�, 10� and 20� by using a (1) multi-layer model or a (2) transfer-matrix model.
model. Illumination conditions were a 50-nm L / S bi-nary mask, dipole illumination with 0.825-�m o�set and0.125-�m radius, a 0.8 NA and a 1.44 refractive indexof water immersion. In both TE and TM waves, the

CDs of the wet system in Figures 6(1a), (1c), (2a) and(2c) are smaller than those of the dry system in Figures6(1b), (2b), (1d) and (2d). According to the simulatedresults in Figure 6, the results for a multi-layer model
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are similar to those for a transfer-matrix model and ineach of system, the TM and TE waves are not di�erentat incident angles below 20�.

V. CONCLUSION
For one-layer resist, the TE and TM wave prop-agations into a resist are described in one-dimensionand two-dimensions by using the �nite-di�erence-time-domain method. In comparison with a dry system, re-ection in a wet system is smaller at the resist surface, sothe wet system is expected to have reective impact toform the �ne pattern and its transmittance is expectedto be larger. For a multi-layer resist, the TE and TMwaves of the wet system are larger than those of the drysystem and the TE and TM waves change a little at inci-dent angles below 20� in both the multi-layer model andthe transfer-metric model. However, for the 45-nm tar-get critical dimension, the TE and TM patterns of aresimilar at incident angles below 20� in the wet systemand the dry system.
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