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Limitation of the Kirchhoff Boundary Conditions
for Aerial Image Simulation in 157-nm Optical
Lithography |

Michael S. Yeung, Member, IEEE, and Eytan Barouch

Abstract—The aerial images of half-wavelength features with
0° and 180° phases obtained by using the Kirchhoff boundary
conditions are compared with those obtained by using rigorous
electromagnetic field computation for 248-nm lithography and
157-nm lithography. The discrepancies between the aerial images
computed by the two methods are large at both wavelengths,
but they are much larger for TM polarization at the wavelength
A = 157 nm. These discrepancies are due to diffraction effects
in the aperture regions, which are more pronounced at A = 157
nm because of the larger ratio of the thickness of the chromium
absorber to the wavelength required at A = 157 nm for a
given attenuation factor. This shows that diffraction effects in the
aperture regions must be inclided when simulating aerial images
in 157-nm lithography.

Index Terms—Aerial image simulation, Kirchhoff boundary
conditions.

I. INTRODUCTION

PTICAL lithography is expected to be used for the man-
ufacturing of integrated circuits through the 70-nm tech-
nology node employing ultraviolet light at the wavelength A =
157 nm [1]. To assess the manufacturability of a 157-nm lithog-
raphy process, one must have accurate knowledge of the aerial
image intensity distribution as a function of optical system pa-
rameters such as numerical aperture and partial coherence.
The simplest approach to aerial image simulation is to em-
ploy the Kirchhoff boundary conditions [2] for the light passing
through the mask apertures, in which diffraction in the aperture
regions is neglected. This approach was shown to be inaccurate
for aerial image simulation in extreme ultraviolet lithography
(EUVL)at A =~ 13 nm [3]-[5], due in part to the fact that the re-
flective masks used in EUVL have absorber thickness d > 3A.
Even in 248-nm lithography, in which transmission masks with
absorber thickness d < A are used, discrepancies between the
aerial images obtained from the Kirchhoff boundary conditions
and those obtained from rigorous electromagnetic field compu-
tation have been reported [6]-[8].
The purpose of this letter is to show that, while transmission
masks with d < A are also used in 157-nm lithography, the er-
rors arising from the Kirchhoff boundary conditions are much
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larger in aerial image simulation at A = 157 nm than at A = 248
nm, for feature size below one wavelength and for TM polariza-
tion. This is due to the fact that the attenuation index & of the
chromium absorber in amask at A = 157 nm, namely, « = 1.11,
is smaller than its value of 2.01 at A = 248 nm [9]. To achieve
the same attenuation factor, the ratio d/A at A = 157 nm should
be larger than the corresponding ratio at A = 248 nm by a factor
of 2.01/1.11. This increase in d/) leads to greater diffraction
effects in the aperture regions at A = 157 nm.

II. SIMULATION METHOD

To compute the electromagnetic fields in the vicinity of
a mask aperture, the finite-difference time-domain (FDTD)
method [10] is used. To simulate arbitrary angles of incidence
in a partially coherent optical system, a special incident wave
source is employed, in which the incident fields used to excite
the computational domain are computed analytically by solving
the FDTD equations for the layered, dispersive mask substrate
[11]. The resulting incident fields are applied to all six sides of
the computational domain. To obtain accurate FDTD results, a
cell size corresponding to about 15 nodes per wavelength in the
medium of largest refractive index is used.

To compute an aerial image, the fields in the vicinity of the
mask aperture are propagated to the entrance pupil of the optical
system in the far zone. In the FDTD case, the far-zone fields are
obtained by integrating the FDTD fields over a closed surface
enclosing the aperture, assumed to be isolated, using the dyadic
Green’s functions for the multilayered mask substrate [12], [13].
In the Kirchhoff case, the Kirchhoff fields in the aperture area
are first obtained by doing an FDTD calculation without the
chromium layer. The far-zone fields are then obtained by in-
tegrating the Kirchhoff fields over the aperture area using the
free-space Green’s function. The difference between computed
FDTD and Kirchhoff diffracted fields is illustrated in Fig. 1 for
a mask aperture with 180° phase.

III. SIMULATION RESULTS

First, an alternating phase-shifting mask structure consisting
of periodic lines and spaces of equal dimension W, with the
phases of the spaces alternating between 0° and 180°, was sim-
ulated, to compare with the 248-nm results in the literature. Fol-
lowing [14], d = 100 nm and the refractive indices of chromium
and quartz at 248 nm were assumed to be Nchrome = 2.5 + 2.0
and Ngyartz = 1.51. From the fields computed by FDTD, the
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Fig. 1. Instantaneous magnitude of the electric field in the vicinity of a 2\ x 12X isolated mask aperture with 180° phase for a normally incident plane wave at
A = 157 nm with the electric vector polarized along the z-direction (TM). The plus and minus symbols denote the sign of the electric field. (a) Kirchhoff boundary

conditions. (b) FDTD solution.

effective transmissions and phases (71, ®1) and (T3, ®2) of the
0° and 180° phase regions, respectively, were extracted [14].
For W = 1.0 um and TE polarization, in which the incident
electric field is parallel to the lines and spaces, the results were
T, = 0.966,T> = 0.885 and ®; — ®» = 181.4°. These
are in good agreement with the results of [14], namely, T1 =
0.961,T> = 0.8389 and &; — ®, = 181.6°.

Next, the above calculations were repeated for W = 2,
corresponding to half-wavelength feature size in a 4X reduc-
tion system. For chromium, the refractive indices at A = 248
nm and A = 157 nm were taken from [9], namely, ichrome =
0.85 + 2.01j and 0.68 + 1.117, respectively. In both cases, a
plasma permittivity function was needed to model the chromium
[15]. The refractive indices of quartz at the two wavelengths
were assumed t0 be nquars; = 1.51 and 1.62, respectively.
The thicknesses of the chromium at the two wavelengths were
chosen to give similar attenuation factors, namely, d = 100 nm
and d = 115 nm at A = 248 nm and A = 157 nm, respectively.
The extracted effective transmissions and phase differences are
shown in columns 2 to 4 of Table I. It can been seen that, whereas
the effective transmissions for TE polarization at the two wave-
lengths are similar, those for TM polarization at 157 nm, namely,
(Ty,Ty) = (0.825,0.699), are much smaller than the corre-
sponding values at 248 nm, namely, (T1,T2) = (0.934,0.751).
These large differences between the TE and TM results were
only observed when a plasma model for the chromium was used.

Fig. 2 shows the average TM power densities P flowing
through the 0° and 180° phase regions of the above mask
structures. Here, P = [ [ dz dy Re(E x H*) - n/(24), where
(E, H) are the electromagnetic fields, n is the unit vector in the
negative z direction and A is the area of integration across the
0° or 180° phase region. It can be seen that the FDTD power
density decreases much faster than the Kirchhoff power density
as the wave propagates through the chromium layer containing
the apertures. Furthermore, for the TM polarization shown, the
decrease of the FDTD power density is much larger at A = 157
nm than at A = 248 nm. The ratios of the FDTD transmitted
power density to the Kirchhoff transmitted power density for

TABLE I
EFFECTIVE TRANSMISSION, PHASE DIFFERENCE AND TRANSMITTED POWER
DENSITY OF ALTERNATING PHASE-SHIFTING MASK WITH W = 2A

A, Polarization T T, | ®-9, (PPFDTD ) [PPFDTD w
Kirchhoff), Kirchhofﬂ2
248 nm, TE 0962 | 0.748 | 13180 | 0953 0.676
2480m, TM | 0934 | 0751 | 17960 | 0843 0.662
157 nm, TE 0945 | 0.767 | 17940 | 0.954 0.694
1570m, T™M - | 0825 | 0699 | 1g230 | 0716 0.611

(a) Power Density, TM, A = 248 nm (b) Power Density, TM, A = 157 nm
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Fig. 2. Average TM power densities flowing through the 0° and 180° phase
regions of an alternating phase-shifting mask structure with lines and spaces of
equal dimension W = 2A. (a) A = 248 nm. (b) A = 157 nm.

the 0° and 180° phase regions are shown in columns 5 and 6,
respectively, of Table I. It can be seen that the values in columns
5 and 6 are roughly equal to the squares of the corresponding
values in columns 2 and 3, respectively.

To simulate a partially coherent aerial image, the aerial im-
ages due to different source points on an extended incoherent
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Fig. 3. Partially coherent aerial images of 2A x 12 isolated mask apertures
with 0° and 180° phases. The optical system parameters are NA = 0.7,
¢ = 0.8 and reduction ratio = 4:1. Each aerial image consists of two curves,
corresponding to cross sections along the width and length of the image. The
polarization is TM. (&) A = 248 nm. (b) A = 157 nm.

. illuminator were computed separately and then averaged. An
isolated 2) x 12 mask aperture, corresponding to a 0.5X x 3A
feature on the wafer, was used. The computed partially coherent
aerial images for 0° and 180° phases at zero defocus are shown
in Fig. 3 for TM polarization. It can be seen that the ratios R of
the FDTD center intensity to the Kirchhoff center intensity at
A = 157 nm, namely, R = 0.716 for 0° phase and & = 0.476
for 180° phase, are much smaller than the corresponding ratios
at A = 248 nm, namely, R = 0.884 for 0° phase and i = 0.607
for 180° phase. These results are consistent with the TM results
in columns 5 and 6 of Table 1.

TV. CONCLUSION

Diffraction effects in the aperture regions of 4X masks used
for printing half-wavelength features at A = 248 nm and A =
157 nm have been compared with respect to three quantities
obtained from FDTD computation, namely, effective transmis-
sion, transmitted power density and aerial image intensity. Re-
sults for the three quantities are consistent with each other. In

particular, they show that the errors arising from the Kirchhoff
boundary conditions in aerial image simulation are much larger
at A = 157 nm than at X = 248 nm for TM polarization, when
the chromium thicknesses at the two wavelengths are chosen to
give similar attenuation factors.
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