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Exposure systems having high numerical apertures (NAs) are essential for increasing the resolution of
optical lithography. The efficiency of conventional single-layer bottom antireflective coating (BARC)
structures, however, degrades as the angle of incidence increases. In this paper we demonstrate a
multilayer BARC structure for high-NA systems employed in ArF lithography. Because the reflection
difference between transverse electric (TE or s) and transverse magnetic (TM or p) polarization at the
air–resist interface results in low image contrast for high-NA exposure systems, we also describe a
single-layer top antireflective coating (TARC) layer that can be used to reduce the polarization effect.
By combining the optimized TARC and multilayer BARC structures, the swing effect can be alleviated
and the image contrast can be improved for angles of incidence ranging from 0� to 70� (i.e., NA = ca. 0.93).

� 2008 Elsevier B.V. All rights reserved.
1. Introduction

The recent International Technology Roadmap for Semiconduc-
tors reported that high numerical aperture (NA) ArF exposure
systems combined with liquid immersion and resolution enhance-
ment technologies have great potential to lead IC technologies to
the generation of sub-45 nm features [1–3]. The problems of criti-
cal dimension control caused by highly reflective substrates are far
more serious in this spectral regime than at the longer wavelength.
The efficiency of conventional single-layer antireflective coating
structures degrades as the angle of incidence increases because
of increased reflectance. It is, therefore, necessary to develop
high-performance antireflective coating layers that can be used
in high-NA exposure systems. In this paper, we demonstrate a mul-
tilayer bottom antireflective coating (BARC) layer for high-NA
exposure systems employed in ArF lithography. This multilayer
antireflective structure comprises conventional silicon oxynitride
films [4]. By adding an optimized structure, the reflectance at the
resist-silicon substrate interface can be maintained to less than
1% for angles of incidence ranging from 0� to 70� (i.e., NA = ca.
0.93).

In general, p-polarized light reduces the image contrast because
the electric field vectors are not aligned parallel and cannot inter-
fere completely, as indicated in Fig. 1 [2,3]. In a high-NA exposure
ll rights reserved.

: +886 2 23634562.
n).
tool, this polarization effect is more serious when the angle of inci-
dence of the light approaches the Brewster angle. In this study, we
developed a single-layer top antireflective coating (TARC) layer,
which, when used in conjunction with the multilayer BARC, solves
the problems of both the polarization and swing effects in high-NA
ArF lithography.

2. Simulation and experimental setup

The swing ratio is defined as the intensity variation within a re-
sist. There are two primary approaches toward reducing the inter-
facial reflection of a resist: using a TARC layer and using a BARC
layer. These layers are designed to minimize reflection at the air–
resist (R1) and resist–substrate (R2) interfaces, respectively. Assum-
ing that the resist is a weak absorption layer, the refractive index
(nTARC) and thickness (dTARC) of a TARC layer that are required to
minimize the value of R1 at an angle of incidence h can be obtained
using the following equation [5]:

nTARC ¼
ffiffiffiffiffiffiffiffiffiffiffiffi

nResist
p

and dTARC ¼
k

4 � nTARC � cos h
ð1Þ

In a multilayer BARC, the extinction coefficient of each BARC
layer gradually increases, with the highest value at the bottom.
The combination of multilayer thin film stacks causes a gradual
change in the optical constants, resulting in minimal reflectance
at each BARC layer interface. Thus, a graded-absorption multilayer
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Fig. 2. Reflections of s- and p-polarized light at the (a) air–resist interface (b)
air–resist–silicon dependence on the numerical aperture.
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Fig. 1. Electric field vectors of p-polarized light are not parallel and cannot
completely interfere.
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BARC can be used in various reflective substrates [6]. The optimal
single-layer and multilayer BARC structures can be determined
using optical thin film theory [7].

Among many theoretical systems for studying periodic struc-
tures, two-beam interference within a resist film is the simplest
when modeling lithographic systems. We focused on the determin-
ing the efficiency of reduction of polarizing effects in high-NAs and
examined the behavior of structures at various angles of incidence
using a two-beam interference system. We employed vector the-
ory, which defines the image distribution in terms of Joule heat.
The exposure is defined as Q � t, where t is the exposure time
and the absorbed energy Q represents the form of the recorded im-
age distribution within the resist. Using this approach allows the
image distributions for s- and p-polarization illumination to be
determined [8]. Table 1 displays the optical constants and various
ARC structures designed for high-NA lithography.

The silicon oxynitride and oxide films were deposited for the
BARC structures by employing a conventional high-density-plasma
chemical vapor deposition (HDP-CVD) system (BR-2000LL). The
optical constants of the BARC films were obtained by utilizing
the R-T method and an ellipsometer. The reflectance spectra were
measured using an optical spectrometer (Hitachi, U 4100). The
weakly absorbing resist was DHA-1000 (Dongjin Semichem). The
simulation tools Film Wizard (Scientific Computing International)
and Matlab (MathWorks, Inc.) were used to evaluate the polariza-
tion effects and the dependence of the resist profile on the angle of
incidence.
Table 1
Optical constants and various ARC structures designed for high-NA lithography.

Configuration Film assembly

Ambient NTARC NPR

1 Air – 1.659–0.019i
2 Air 1.288 1.659–0.019i
3 Air – 1.659–0.019i

4 Air 1.288 1.659–0.019i

5 Air – 1.659–0.019i
6 Air 1.288 1.659–0.019i

7 Air 1.288 1.659–0.019i

8 Water – 1.659–0.019i
3. Results and discussion

Fig. 2a reveals that the reflection of s- and p-polarized light at
air–resist interface was dependent on the angle of incidence. The
NBARC dTARC Note

– – Without TARC and BARC
– 54 nm With TARC for NA = 0.93
1.850–0.301i – Multilayer BARC
1.831–0.560i
1.850–1.002i
1.850–0.301i 54 nm Multilayer BARC and TARC for NA = 0.93
1.831–0.560i
1.850–1.002i
1.831–0.560i – Single-layer BARC
1.850–0.301i 40 nm Multilayer BARC and TARC for NA = 0.50
1.831–0.560i
1.850–1.002i
1.850–0.301i 37 nm Multilayer BARC and TARC for NA = 0.20
1.831–0.560i
1.850–1.002i
1.850–0.301i – Liquid immersion
1.831–0.560i
1.850–1.002i
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Fig. 3. (a) Reflections of s- and p-polarized light in the presence and absence of a TARC layer. (b) Fractional weighting in the resist dependence on the angle of incidence in the
presence and absence of a TARC layer. (c) Fractional weighting in resists featuring TARC structures designed for NAs of 0.20, 0.50, and 0.93.

Fig. 4. Energy distributions in resists having configurations (a) 1, (b) 2, (c) 3, and (d) 4.
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Fig. 5. Effects of the focus positions and NA on the image contrast of resists in the
(a) absence and (b) presence of a TARC layer.
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reflection of s-polarized light was greater than that of the p-polar-
ized light when the angle of incidence was close to the Brewster
angle. Fig. 2b displays the reflection of light from the air–resist–
silicon substrate having a resist layer thickness of 400 nm. When
considering the thin film interference effect, the Brewster angle
phenomenon becomes imperceptible, although the reflection of
s-polarized light remained larger than that of p-polarized light at
large angles of incidence. This behavior indicates that the ratio of
incident p-polarized light is weighed more substantially than that
of s-polarized light in the resist as the NA increases. Therefore, we
sought to develop a strategy for reducing polarization effects in
high-NA exposure systems.

In this study we investigated the use of a single-layer TARC to
reduce polarization effects. According to thin film theory, we de-
signed some optimal TARC structures for exposure tools featuring
values of NA of 0.20, 0.50, and 0.93; Table 1 presents the structures.
Fig. 3a reveals that the reflections of s- and p-polarized light were
dependent on the angle of incidence in both the presence and ab-
sence of a single-layer TARC, but they were reduced significantly
for angles of incidence ranging from 0� to 70� when the single-
layer TARC was present. Fig. 3b presents the fractional polarization
weightings in the resist in the absence and presence of the TARC
layer. After adding a TARC designed for a value of NA of 0.93, the
fraction of s- to p-polarized light in the resist was ca. 49% over
the range of angles of incidence from 0� to 70�. Furthermore,
Fig. 3c displays the fractional polarization weightings in the resist
featuring a single-layer TARC designed for the angles of incidence
of 70� (NA = 0.93), 30� (NA = 0.50), and 12� (NA = 0.20). The TARC
designed for 70� exhibited the best performance for reducing the
difference between the s- and p-polarization reflections over the
range of angles of incidence ranging from 0� to 80�. Therefore,
we propose that the polarization effect can be reduced by adding
a single-layer TARC that has been designed for the largest NA of
the exposure tool.

Different configurations of TARC and BARC structures result in
differences in the amount of energy absorbed within a resist. Using
the theory of two-beam vector interference, Fig. 4 displays the en-
ergy distribution within resists having four different configura-
tions. For the structure lacking both the TARC and the BARC
(configuration 1), a significant swing effect resulted from reflec-
tions at both the air–resist and resist–substrate interfaces. A signif-
icant swing effect also appeared in configuration 2, because a
single-layer TARC alone cannot minimize the reflection from
highly reflective substrates in the high-NA regime. In contrast,
the swing effect was reduced significantly when only a multilayer
BARC structure was present. The swing effect vanished and more
energy was transferred into the resist when a single-layer TARC
and a multilayer BARC structure were combined. Therefore,
although multilayer BARC structures are more important than
TARC layers for reducing the swing effect in high-NA lithography,
the TARC structure does help the resist to absorb more energy from
both s- and p-polarized light.

To analyze the effect of a TARC layer on the image contrast, we
calculated the energy distributions within the resist at various fo-
cus positions [9]. Fig. 5a reveals that the image contrasts for config-
uration 3 (i.e., a structure possessing a multilayer BARC but no
TARC layer) did not vary at different focus positions, but it did de-
crease upon increasing the angle of incidence. Similarly, Fig. 5b re-
veals that the image contrasts of configuration 4 (a structure
possessing both a multilayer BARC and a TARC layer) designed
for the NA of 0.93 did not vary perceptibly. Furthermore, the image
contrast for configuration 4 was better than that of configuration 3,
especially for the NA of 0.93. Thus, a TARC layer can alleviate the
polarization effect in the high-NA regime.

Silicon oxynitride-based single-layer and multilayer BARC
structures are added to reduce the reflectance at the interface be-
tween a silicon substrate and a resist. Thin film theory suggests
that the reflectance at normal incidence can be reduced to 0.5%
when using a single-layer or multilayer structure. As indicated in
Fig. 6a, the reflections of both the single-layer and multilayer struc-
tures increased slowly upon increasing the angle of incidence, but
the reflectance of the multilayer BARC structure remained at less
than 1% over the range of angles of incidence from 0� to 90� (i.e.,
NA from 0 to 1). Thus, the multilayer BARC structure provided
superior performance to that of the single-layer structure for
high-NA exposure systems.

To analyze the effect of different BARC structures on the image
contrast, we calculated the energy distributions within resists at
various focus positions. Configuration 1 is the structure lacking a
BARC; configurations 3 and 5 are structures possessing multilayer
and single-layer BARCs, respectively. Fig. 6b displays the image
contrasts of configurations 1, 3, and 5 for the NA of 0.93. In the ab-
sence of a BARC structure, the image contrasts of configuration 1
varied significantly at the different focus positions. By adding BARC
structures, the variations in contrast were reduced dramatically
[Fig. 6b], with the contrast variation of configuration 3 being smal-
ler than that of configuration 5 for the NA of 0.93. In addition, the
multilayer BARC structure provided superior contrast performance
to that of the single-layer structure in high-NA exposure systems.
Fig. 6c presents the contrast variations of a multilayer BARC for
immersion lithography (configuration 8) with NAs of 0.7, 1.0, and
1.3. In the presence of a multilayer BARC structure, the image con-
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Fig. 6. (a) Effect of the NA on the reflectance at the resist–substrate interfaces of single-layer and multilayer BARCs. (b) Effects of BARC structures and focus positions on the
contrast dependence. (c) Contrast variations of a multilayer BARC used in immersion lithography with various NAs.
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trast did not vary perceptibly at the different focus positions upon
increasing the NA from 0.7 to 1.3, suggesting that the multilayer
BARC would also be suitable for application in liquid immersion
lithography.

4. Conclusion

The use of exposure systems with high-NA is essential to
increasing the resolution of optical lithography. The efficiency of
the conventional single-layer BARC structure degrades as the angle
of incidence increases. We have developed a multilayer BARC layer
for high-NA exposure systems used in ArF lithography. By adding
the optimized structure, the reflectance can be maintained to less
than 1% for angles of incidence ranging from 0� to 70� (i.e., NA = ca.
0.93). The swing effect in the resist is also reduced significantly.
Additionally, the reflection separation of s- and p-polarized light
at the air–resist interface results in low image contrast for high-
NA lithography. We also found that a single-layer TARC can be used
to reduce the polarization effect. By combining the optimized TARC
and multilayer BARC structures, the swing effect can be alleviated
and the image contrast can be improved for angles of incidence
ranging from 0� to 70�. The multilayer BARC is also suitable for
application in liquid immersion lithography.
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