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SUMMARY In flat panel display (FPD) lithography, a high resolu-
tion and large depth of focus (DOF) are required. The demands for high
throughput have necessitated the use of large glass plates and exposure
areas, thereby increasing focal unevenness and reducing process latitude.
Thus, a large DOF is needed, particularly for high-resolution lithography.
To manufacture future high-definition displays, 1.0 µm line and space (L/S)
is predicted to be required, and a technique to achieve this resolution with
adequate DOF is necessary. To improve the resolution and DOF, resolu-
tion enhancement techniques (RETs) have been introduced. RETs such
as off-axis illumination (OAI) and phase-shift masks (PSMs) have been
widely used in semiconductor lithography, which utilizes narrowband il-
lumination. To effectively use RETs in FPD lithography, modification for
broadband illumination is required because FPD lithography utilizes such
illumination as exposure light. However, thus far, RETs for broadband il-
lumination have not been studied. This study aimed to develop techniques
to achieve 1.0 µm L/S resolution with an acceptable DOF. To this end,
this paper proposes a method that combines our previously developed RET,
namely, divided spectrum illumination (DSI), with an attenuated PSM (Att.
PSM). Theoretical observations and simulations present the design of a
PSM for broadband illumination. The transmittance and phase shift, whose
degree varies according to the wavelength, are determined in terms of aerial
image contrast and resist loss. The design of DSI for an Att. PSM is also
discussed considering image contrast, DOF, and illumination intensity. Fi-
nally, the exposure results of 1.0 µm L/S using DSI and PSM techniques
are shown, demonstrating that a PSM greatly improves the resist profile,
and DSI enhances the DOF by approximately 30% compared to conven-
tional OAI. Thus, DSI and PSMs can be used in practical applications for
achieving 1.0 µm L/S with sufficient DOF.
key words: lithography, resolution enhancement technique, off-axis illu-
mination, phase-shift mask, broadband illumination

1. Introduction

Optical lithography is an important fine patterning method
in the display and semiconductor manufacturing indus-
tries [1], [2]. With the increase in demand for high-
productivity and high-definition patterning, exposure tools
have improved in terms of resolution and throughput. For
flat panel display (FPD) lithography, the size of glass plates
for mass production of display panels has been enlarged to
achieve high productivity, primarily by developing manu-
facturing techniques for large optical elements, aberration
correction systems across a wide exposure area, and high-
power illumination optical systems.

Exposure tools in FPD manufacturing can be catego-
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rized as follows: multi-lens optical systems [3] and mir-
ror optical systems [4]–[6]. Figure 1 shows the structure
of Canon’s exposure systems, which use a mirror optical
system for projection optics. Illuminated light from the il-
lumination optics irradiates a mask, thereby copying mask
features onto the plate below. Employing mirror elements
for projection optics allows using broadband illumination as
exposure light because mirror elements, in principle, do not
exhibit chromatic aberration. Using broadband illumination
is one of the most efficient solutions for achieving high pro-
ductivity in FPD manufacturing.

The minimum line width—often referred to as the crit-
ical dimension (CD)—should be small to form high-density
circuits. Here, the CD represents the resolution of the ex-
posure tools. The depth of focus (DOF)—representing the
focal length that can maintain image contrast—is also an
important factor. In the lithographic process, there is un-
evenness in the focal direction, which is produced by mask
flatness, glass plate flatness, vibration of stages, or the field
curvature of the projection optics. These focus errors de-
crease the process latitude, which hampers CD control. It is
particularly difficult to attain CD control in small CD pro-
cesses. Consequently, a large DOF is required.

However, there is a trade-off between resolution and
DOF, as expressed by the Rayleigh equation [7]:

CD = k1
λ

NA
(1)

DOF = k2
λ

NA2
(2)

Fig. 1 Configuration of a mirror-projection exposure system.
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where k1 and k2 are constants related to the process condi-
tions, λ is the wavelength of the exposure light, and NA is
the numerical aperture of the exposure tool. Resolution can
be improved by shortening the exposure wavelength and en-
larging the NA, both of which decrease the DOF. To im-
prove the resolution by minimizing the decrease in DOF,
shortening the wavelength is better than enlarging the NA
as the NA2 term significantly decreases the DOF.

Recently, we developed a new high-resolution tech-
nique to use deep ultraviolet (DUV) broadband exposure
light, instead of the conventional ghi-line light [8]. By short-
ening the exposure wavelength, high-resolution patterning
of a 1.2 µm line and space (L/S) pattern can be achieved.
With the continuous performance improvement of display
devices, the need for higher resolutions is expected to re-
main. Some researchers have reported that next-generation
smartphones and head-mount displays will require circuit
patterns with a CD of 1.0 µm [9], [10].

To achieve higher resolutions, a phase-shift mask
(PSM) can be used. Previously, we showed that DUV expo-
sure with a PSM could resolve an L/S pattern of 1.0 µm [11].
However, it was also revealed that the DOF for a 1.0 µm L/S
pattern decreased compared to that of patterns with a wider
pitch. The DOF for a 1.2 µm L/S pattern with a binary inten-
sity mask (BIM) was 24.3 µm, while that for a 1.0 µm L/S
pattern with a PSM was 19.5 µm. To maintain sufficient pro-
cess latitude, the DOF must be improved to the same extent
as that of the 1.2 µm L/S pattern.

Previously, we developed a resolution enhancement
technique (RET), named divided spectrum illumination
(DSI), which is suitable for FPD lithography using broad-
band exposure light [12]. The current study aimed to de-
velop a technique to achieve 1.0 µm L/S resolution with ad-
equate DOF. To this end, we investigated the combination
of DSI and PSM using theoretical observations, simulations,
and experiments. In particular, the design of a PSM for
broadband illumination and the use of DSI in conjunction
with a PSM are discussed in detail.

2. Divided Spectrum Illumination (DSI)

This section describes the principle and design method of
DSI. First, the problems associated with conventional illu-
mination techniques used in FPD lithography are reviewed.

2.1 Off-Axis Illumination (OAI)

The off-axis illumination, such as dipole, quadrupole, and
annular illumination, has contributed to the improvement of
the resolution and DOF in fine patterning lithographic pro-
cesses [13]–[17]. In conventional illumination, a mask is
irradiated via perpendicular incident (on-axis) and oblique
incident (off-axis) light. In OAI techniques, the light that is
perpendicular to the plane of incidence is cut off, thus illu-
minating a mask with only oblique (off-axis) light.

The resolution enhancement mechanism of OAI is as
follows. Here, we assume that a mask feature is a peri-

odic pattern that generates discrete diffraction order light.
When a mask feature is so small that the first-order diffrac-
tion angle exceeds the numerical aperture of the projection
optics, the first-order diffraction light of perpendicular in-
cident light is not captured by the optical system, resulting
in no image formation and degradation of image contrast.
However, oblique incident light may prevent this situation.
By manipulating the incident angle so that both the zero-
and first-order light can be gathered by the optical system,
the illumination light can aid image formation. This imag-
ing system of interference with only two lights is referred to
as two-beam imaging. OAI can be interpreted as employing
an illumination source that selectively utilizes effective light
for two-beam imaging and excludes undesirable light that
induce image degradation.

DOF enhancement of OAI can be described as a de-
crease in the phase difference between the diffraction orders.
Defocusing creates a phase error, whose degree is propor-
tional to the square of the position at the pupil. When the
angle of incident light is tuned such that the zero- and first-
order light can be symmetrically positioned with respect to
the optical axis at the pupil, the phase difference can be re-
duced and the image degradation due to defocusing mini-
mized. In other words, the DOF can be improved. This
condition can be expressed as follows [18]:

σc =
λ

2NA·P (3)

where σc is the optimized illumination angle (normalized
using the NA), λ is the wavelength of the exposure light,
NA is the numerical aperture of the projection optics, and P
is the pitch of the exposed pattern. Note that the optimum
illumination conditions vary based on the wavelength and
pattern pitch.

Although OAI has been used primarily in the field of
semiconductor lithography, this technique has recently been
applied in FPD lithography [8]. Figure 2 shows the ex-
emplary OAI shape used in FPD lithography. An annular
source is the most popular OAI shape because efficient off-
axis illumination can be obtained for L/S patterns in arbi-
trary directions. Here, its radius σ is defined as ( f 2

x + f 2
y )1/2,

where fx and fy are the illumination angles in the x- and
y-directions, respectively, normalized using the NA. In con-
ventional OAI for FPD lithography, the entire spectrum of
broadband exposure light is used throughout the source area.

To the best of our knowledge, OAI has not been opti-
mized for broadband illumination. In general, semiconduc-

Fig. 2 Example of conventional OAI for FPD lithography.
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Fig. 3 Illustration of light paths in (a) OAI and (b) DSI for λ = 290 and
365 nm.

tor lithography utilizes narrowband exposure light, whereas
FPDs utilize broadband exposure light. In semiconductor
lithography, the exposure light has practically a single wave-
length, and the illumination angle of the OAI is clearly de-
fined by Eq. (3). Exposure light in FPD lithography, how-
ever, has a wide range of wavelengths, which results in de-
viations from Eq. (3), based on the wavelength. Figure 3 (a)
depicts OAI systems with illumination wavelengths of 290
and 365 nm. For each wavelength, the transmission (zero
order) and diffraction light (first order) paths are shown.
Conventional OAI uses the same σ region, σ290=365, with-
out distinction between the two wavelengths. However, the
diffraction angle varies depending on wavelengths in princi-
ple. When a specific wavelength light is optimized to satisfy
the condition of symmetrical propagation (290 nm case), the
other wavelength light does not propagate symmetrically
(365 nm case). Therefore, the DOF is not effectively im-
proved by conventional OAI for broadband illumination.

2.2 Divided Spectrum Illumination (DSI)

The key concept of DSI is illumination wavelength opti-
mization based on the illumination angle. Figure 3 (b) shows
the DSI systems under the same conditions as Fig. 3 (a). DSI
uses different σ regions (σ290 and σ365) based on the wave-
length so that each light wavelength satisfies the optimum
illumination condition of Eq. (3). Consequently, the phase
difference between diffraction orders is reduced, and high
image contrast with defocusing can be obtained for both
290 nm and 365 nm illumination.

A DSI design based solely on Eq. (3) is not optimal
because excessive tuning of the illumination source may
cause two problems: low illumination intensity and high
pattern-pitch-dependence. When DSI is formed by cutting
off all light, which slightly deviates from Eq. (3), the light
intensity decreases considerably compared to that of con-
ventional OAI. In terms of illumination intensity, as much

Fig. 4 Aerial image contrast simulations with wavelength and σ
variation (BIM, defocus = 0, 15 µm).

light as possible should be used for illumination. In addi-
tion, an illumination source strictly tuned for a specific pat-
tern pitch exhibits poor performance for the other pitches.
This can be explained using Eq. (3), where the optimum illu-
mination conditions depend on the pattern pitch. Masks for
product manufacturing contain various features, and thus, il-
lumination with low pattern-pitch-dependence is desirable.
Therefore, the illumination source should not follow Eq. (3)
solely but should also be tuned based on illumination in-
tensity, robustness to pattern-pitch dependence, and image
contrast calculation for desired source shape.

The illumination condition to achieve large DOF is un-
derstood using Fig. 4, wherein the two-dimensional plot of
the aerial image contrasts with the wavelength (horizontal
axis) and illumination angle (vertical axis) variance for a
BIM with the focus states of 0 and 15 µm. An exposure
L/S pattern had a CD of 1.0 µm, with a pitch of 2.0 µm,
and the NA was 0.12. Hereinafter, we assume the pattern
to have a 1.0 µm L/S and a NA of 0.12, unless otherwise
noted. Ultra-narrow annular illumination with an annulus
width of σ = 0.05 was used, and the vertical coordinate
in Fig. 4 corresponds to its inner σ. The black solid line
in Fig. 4 corresponds to the condition that satisfies Eq. (3).
At its best focus, high contrast was achieved in the region
where the ratio of illumination lights contributing to im-
age formation is large (i.e., large η, described later). In the
15 µm defocus case, image contrast was degraded, except
for the region corresponding to Eq. (3). The slight devia-
tion of the high-contrast region from the solid black line re-
sults from the difference between small radius dipole and
annular illumination [12]. To obtain a large DOF, the illu-
mination conditions that induce large contrast degradation
with defocusing should be filtered out. However, the cut-off
region should be minimized to maintain sufficient illumina-
tion intensity and robustness for pattern-pitch dependence,
i.e., the DSI should be designed to balance these conflicting
demands.

Figure 5 shows the DSI design, which has two source
areas: a source area with σ = 0.65–0.85 and a wavelength
region of 290–385 nm (WR1), and an area with σ = 0.45–
0.65 and a wavelength region of 290–350 nm (WR2). The
inner σ (σin), boundary σ (σbo), and outer σ (σout) are 0.45,
0.65, and 0.85, respectively. These parameters eliminate the
i-line, which corresponds to the wavelength region of 350–
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Fig. 5 DSI design for 1.0 µm L/S (σin = 0.45, σbo = 0.65, and σout =

0.85). The region of σ = 0.45–0.65 corresponds to the WR2 (loss of i-line),
whereas the region of σ = 0.65–0.85 corresponds to the WR1 (the whole
spectrum).

385 nm, near the inner σ region from 0.45–0.65. As de-
scribed later, the DOF is not maximized for σbo = 0.65.
However, we ignored the slight decrease in the DOF for in-
creasing illumination intensity.

3. Phase-Shift Mask for Broadband Illumination

This section describes the design of a PSM for broadband
illumination and a DSI design in combination with a PSM.

3.1 Attenuated Phase-Shift Mask (Att. PSM)

A PSM is a RET used to improve aerial image contrast on
a plate by modulating the phase of illumination light. There
are two types of PSM: alternating PSM (Alt. PSM) [19],
[20] and attenuated PSM (Att. PSM) [21], [22]. The lat-
ter is extensively used in semiconductor manufacturing be-
cause of its ease of manufacture and defect inspection [23].
An Att. PSM consists of a phase-shifting film, where MoSi
is extensively used in the Cr region of a BIM [24]. The
light passing through the phase-shifting film undergoes a
phase shift of 180◦ (π) and light intensity attenuation. The
destructive interference between phase-shifted background
light and non-phase-shifted diffraction light improves the
contrast of the image intensity on the image plane.

The amount of phase shift and transmittance of the
phase-shifting film varies based on wavelength, which is
problematic in broadband illumination. In narrow band il-
lumination, this wavelength dependence is inconsequential,
and the phase shift of π and the attenuation of light inten-
sity should simply be configured to a single wavelength.
Conversely, in broadband illumination, the phase-shifting
of a precise π can be obtained at a specific wavelength,
while phase errors from π occur for the other wavelengths.
Consequently, the impact of phase errors and transmittance
changes should be examined, and a design method for a
PSM for broadband illumination established. Details of the
PSM design for contact-hole patterning with broadband il-
lumination can be found in our previous work [25].

3.2 Design of PSM for Broadband Illumination

To investigate the PSM design for an L/S pattern with broad-
band illumination, we first describe how the PSM parame-
ters affect the image intensity of an L/S pattern. Second, the

impact of the transmittance is examined. Finally, the impact
of the phase error from π is discussed.

Assuming an equivalent L/S pattern (its pitch P is
twice its CD) arranged in the x-direction is illuminated by
lights whose illumination angles are symmetrical in the x-
direction with two-beam image formation, the image inten-
sity I(x) is given by [26].

I(x) = |a0|2 + η|a1|2
+ 2η|a0||a1| cos (Δψ1−0) cos (2πx/P)

(4)

a0 = (1 + teiφ)/2 (5)

a1 = (1 − teiφ)/π (6)

where a0 and a1 are the amplitudes of zero- and first-order
amplitudes, φ is the degree of phase shift, t is the ampli-
tude transmittance of the phase-shifting film, η is the ratio
of two-beam imaging, and Δψ1−0 is the phase difference be-
tween the zero- and first-order light. η represents the ratio
of illumination light, which is effective for two-beam imag-
ing, while 1 − η represents the ratio of no image formation.
The ratio η for annular illumination can be theoretically cal-
culated as a function of the wavelength, annular radius, NA,
and pattern pitch [27]. The phase difference Δψ1−0 is derived
from the phase error of a PSM and defocusing. In the par-
tially coherent illumination case, the total image intensity is
calculated using the weighted average of Eq. (4) for different
illumination angles and wavelengths.

Next, the impact of the transmittance change is exam-
ined based on these equations. Figure 6 (a) illustrates the
image contrast with transmittance and the ratio of the two-
beam imaging variance, calculated using the weighted aver-
age of Eq. (4), assuming no phase difference (Δψ1−0 = 0). In
the case of near-ideal two-beam imaging (η ≈ 1), the peak
of the image contrast is at a transmittance of 6%, which is
the typical transmittance of an Att. PSM. In the assumed
imaging system with an annular source of σ = 0.45–0.85,
the ratio η is 0.3–0.6 over the wavelength range of 290–
385 nm (see Fig. 6 (b)). In this region, the transmittance of
the contrast peak becomes greater than 6%, although the
transmittance dependency of the image contrast becomes
relatively weak. The intensity transmittance difference over
the broadband spectrum was approximately 0.1, where a
drastic change in the image contrast did not occur. Thus,
it can be concluded that the transmittance change over the
illumination spectrum is inconsequential, and the transmit-
tance value of the centroid wavelength can be considered to
represent that of the entire spectrum.

In determining the transmittance of a PSM, resist loss
should also be considered, which is induced by high trans-
mittance and leads to patterning defects. To measure this
impact, resist simulations were conducted using PROLITH
(KLA Corp, Milpitas, CA, USA) simulation software [28].
The simulation results are shown in Fig. 7—the plot of the
aerial image contrast (solid line) and the resist loss (dot-
ted line) as a function of the intensity transmittance. The
exposure wavelength was 340 nm, which was the centroid
wavelength of the DUV spectrum. The pattern for contrast
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Fig. 6 (a) Calculated image contrasts with the transmittance and ratio of 2-beam imaging variance,
(b) the ratio of 2-beam imaging with wavelengths for P = 2000 nm, NA = 0.12, and the illumination
source of σ = 0.45–0.85.

Fig. 7 Simulation results for aerial image contrast for 1.0 µm L/S (the
solid line) and resist loss for 10 µm L/S (the dotted line) with intensity
transmittance variance.

evaluation was 1.0 µm L/S, while that for resist loss evalua-
tion was 10 µm L/S, where the maximum resist loss was ob-
served. The resist loss was evaluated to be the loss height Δh
relative to the resist thickness h. The image contrast grad-
ually increased as the transmittance increased, reaching a
maximum at 17%. When the contrast threshold was set to
0.6, where a sharp resist profile was obtained, the transmit-
tance range was 5–35%. By contrast, the resist loss for the
broad pattern rapidly increased from 10%. To avoid large
resist losses, the transmittance should be lower than 10%.
Thus, the intensity transmittance of the phase-shifting film
was determined in the range of 5–10%.

Next, we describe the impact of the phase error. When
the phase error Δφ occurs (φ = π+Δφ), the phase difference
Δα between zero- and first-order light is [29]

Δα ≈ 2Δφt
1 − t2

(7)

This approximate equation is established when Δφ is rela-
tively small. Similarly, the focus error induces a phase dif-
ference Δβ from zero- to first-order light, and this difference
is expressed as

Δβ ≈ −2πδNA
P
Δσ (8)

where δ is the distance from the focal plane (defocus), P is

the pitch of an exposed pattern, and Δσ is the sigma vari-
ance from σc defined by Eq. (3). The approximation is ef-
fective when the illumination angle is relatively small. Con-
sequently, the phase difference Δψ1−0 in Eq. (4) is

Δψ1−0 = Δα + Δβ =
2Δφt
1 − t2

− 2πδNA
P
Δσ (9)

Because the cosine of the phase difference Δψ1−0 causes im-
age degradation, the difference should be zero so that the
cosine term is maximized. Thus, Δφ of zero is desirable in
the no-defocus case.

Assuming that the phase-shifting film is a single-layer
structure of refractive index n and film thickness d, the phase
error Δφ can be expressed as follows:

Δφ =
2πd(n − 1)

λ
− π = π(λ180 − λ)

λ
(10)

where λ180 represents the wavelength of π phase shift. This
equation clearly indicates that phase error occurs at all
wavelengths except for λ180.

To quantify the above-mentioned perspectives, the cal-
culated aerial image contrast with the wavelength and phase
error Δφ variance for an annular illumination source of
σ = 0.45–0.85 is shown in Fig. 8. The blue dotted line cor-
responds to the wavelength dependence of the phase error
Δφ for λ180 of 340 nm, whereas the red dotted line indicates
the case with no phase error over the range of wavelengths
(i.e., ideal case). The image contrast decreases as the phase
error increases, indicating that Δφ should be minimized for
image contrast. However, the phase error is not zero, except
for λ180. Because the total image intensity is the weighted
average over the whole spectrum, the image contrast with
phase error (real case) is expected to be lower than that with-
out phase error (ideal case) and vary depending on λ180.

The resultant total image contrast with λ180 variance
for the cases with and without phase error is shown in Fig. 9,
where the intensity weight of the DUV spectrum is consid-
ered. It is evident that the phase error degraded the image
contrast. The image contrast in the case with phase error
gradually changes with λ180 variance and is maximized at
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Fig. 10 Calculation results for the cosine term of phase differences.

Fig. 8 Simulation results for aerial image contrast with wavelength and
phase error variance.

Fig. 9 Aerial image contrast with varying wavelength of π
phase-shifting.

approximately 335 nm. Based on the contrast threshold of
0.6, λ180 can be in the range of 300–365 nm. Consequently,
we determined λ180 to be 340 nm, the centroid wavelength
of the DUV spectrum.

3.3 DSI Design with PSM

In this section, we discuss the DSI design in combina-
tion with a PSM. Particularly, it is important to determine
whether the DSI design for a PSM is the same as that for
a BIM. The deviation from the DSI condition of Eq. (3)
appears as Δσ in Eq. (9). When the phase error Δψ1−0 is
zero, the cosine term in Eq. (3) is maximized, resulting in

the maximum contrast. Thus, when the phase error Δφ is
zero, Δσ should be zero so that the phase difference Δψ1−0

is zero, which corresponds to the DSI condition. In contrast,
when both the phase error Δφ and the defocus δ are non-
zero, Δσ should be configured such that Δψ1−0 is zero. Thus,
the optimum illumination condition may vary from Eq. (3).
Figure 10 shows the calculation results of cos (Δψ1−0), with
varying defocus δ and sigma difference Δσ. The phase error
Δφ was −15, 0, 15◦ and the amplitude transmittance t was√

0.06 (intensity transmittance of 6%). These results show
that the phase difference of a PSM slightly changes the best
illumination condition in the defocus case. However, the
sign of Δσ varies depending on the defocus direction, and
thus Δσ should be zero so that the contrast change with de-
focusing is unaffected by the direction of the defocus. Con-
sequently, the optimized illumination condition for a BIM,
Eq. (3), can also be applied to a PSM, i.e., the DSI designed
for a BIM could be adopted for a PSM.

To confirm the above-mentioned prediction, resist sim-
ulations were conducted for a BIM and PSM by varying the
boundary sigma σbo of DSI and fixing σin and σout to 0.45,
and 0.85, respectively. The source region between σin and
σbo corresponds to a WR2 of 290–350 nm, while that be-
tween σbo and σout (WR1) was 290–385 nm (Fig. 5). Here,
the sources for σbo of 0.45 and 0.85 correspond to conven-
tional OAI, while that of 0.85 differs from that of 0.45 in
the point of loss of the i-line. As evident in Fig. 11 (a), the
image contrast of a PSM is consistently greater than that of
a BIM, indicating that a PSM can effectively improve the
resolution. Figure 11 (b) reveals that the best condition for
the DOF is the same for both mask types. Although the
DOF is maximized at σbo = 0.75, the difference from that
at σbo = 0.65, is small enough to be ignored (a decrease
of 1–2%). Conversely, the illumination intensity decreases
with an increase in σbo (i.e., the increase in the i-line cut-
off), as shown in Fig. 11 (c). As σbo increases from 0.65 to
0.75, the intensity decreases by 11%, which is so large that
the difference cannot be ignored. Therefore, we determined
the DSI design for both mask types to be σbo = 0.65. Thus,
the DSI design of a PSM was the same as that of a BIM
in this case. However, this conclusion should not be over-
generalized, and the design parameters for a PSM should be
carefully examined based on the illumination spectrum and
the target pattern.
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Fig. 12 Experimental results for a 1.0 µm L/S pattern with a PSM.

Fig. 11 Simulation results for (a) aerial image contrast, (b) DOF with a
BIM and a PSM, and (c) illumination intensity normalized by that at σbo
of 0.45.

4. Experimental Results

To confirm the performance of DSI and the PSM, expo-
sure tests were conducted using a test exposure tool for 6”
wafers. The resist used in the tests was a prototype for
DUV exposure provided by Tokyo Ohka Kogyo Co., Ltd.
A test Att. PSM and BIM for 6” wafers manufactured by
SK-Electronics Co., Ltd. were used. The wavelength of the
no-phase error was configured to a centroid wavelength of
340 nm, and the intensity transmittance of the phase-shifting
film was in the range of 5–10% at 340 nm. The design of the
illumination sources and exposure spectrum were the same
as those of the OAI and DSI (Fig. 2 and Fig. 5). The OAI
was formed by inserting an annular aperture into the illumi-
nation optics of the exposure tool. In the same way, the DSI
was formed by inserting a wavelength filter, which cut off
350–385 nm light at σ = 0.45–0.65. The exposed pattern

was 1.0 µm L/S, and the DOF was evaluated to be a 10%
variation of the bottom CD of 1.0 µm.

Figure 12 shows the experimental results of the DSI
and OAI with a PSM and BIM. As evident, the resist profile
for OAI and the BIM was not resolved sharply, while that
for DSI and the BIM resolved while retaining the top of the
resist, indicating that the DSI improved the resolution. The
PSM appears to be more efficient for improving the resolu-
tion; however, the DOF for OAI and the PSM was insuffi-
cient, with a value of 19.5 µm. The DOF for DSI and the
PSM was 25.1 µm, indicating that DSI improved the DOF
by approximately 30%. Note that the DOF for a 1.0 µm L/S
with DSI and the PSM was larger than that for a 1.2 µm L/S
pattern with OAI and the BIM, i.e., 24.3 µm (as mentioned
in Sect. 1). Thus, the combination of the DSI and PSM was
effective for resolving 1.0 µm L/S with sufficient DOF.

5. Discussion

This study primarily aimed to develop a technique to re-
solve 1.0 µm L/S with sufficient DOF. Experimental results
demonstrated that the DSI and PSM could resolve a 1.0 µm
L/S pattern with a large DOF—larger than that of a 1.2 µm
L/S with OAI and a BIM. Therefore, we concluded that DSI
and a PSM are practical solutions for achieving 1.0 µm L/S
resolution for FPD manufacturing.

Owing to the requirements of higher throughput, expo-
sure tools for FPD manufacturing have enlarged the expo-
sure regions as well as masks and glass plates. This trend
has resulted in diminished focus control. Because small
CDs tend to increase this difficulty, a technique to obtain
sufficient DOF is essential for future high-resolution pro-
cesses. To achieve both high resolution and large DOF,
the standard strategies for improving resolution—enlarging
the NA and shortening the exposure wavelength—cannot
be easily applied because they decrease the DOF. In addi-
tion, such modifications require new developments concern-
ing light sources, optical filters, deposition control methods,
and larger optical elements, which incur high development
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costs.
RETs, such as DSI and PSMs, may solve these issues.

Even though the use of such RETs does not require modi-
fications of the NA and λ, both the resolution and DOF are
significantly improved. This study and our recent research
have demonstrated that an Att. PSM—usually utilized with
narrowband illumination—is also effective for broadband il-
lumination. Furthermore, the new illumination technique,
DSI, was shown to be sufficiently effective, even in conjunc-
tion with a PSM in broadband illumination.

For practical use of DSI and a PSM, we plan to inves-
tigate the impact of aberration. It is known that optimizing
the illumination source generally increases the sensitivity to
aberration of projection optics [30]. Because the experimen-
tal results of this study were obtained at one image height
with the test exposure tool for a 6” wafer, the influence of
aberration and the performance uniformity across the expo-
sure area needs to be investigated using an exposure tool
with larger glass plates.

In addition, a technique to compensate for the expo-
sure time is needed. The DSI formed by a wavelength fil-
ter reduces the illumination intensity. Furthermore, a PSM
requires a higher dose compared to that of a BIM. Both
factors have a negative influence on the exposure time, low-
ering throughput. Thus, DSI formation without illumination
loss could be the subject of further research in this direction
for improved practical applications.

6. Conclusions

In this paper, we investigated RETs with 1.0 µm L/S res-
olution and sufficient DOF for FPD lithography applied
in broadband illumination. To this end, we proposed to
combine the previously developed RET, DSI, with an Att.
PSM. Theoretical observations and computer simulations
were used to arrive at a method to design the parameters
of an Att. PSM for broadband illumination. We proposed
that the transmittance of a phase-shifting film should be de-
termined to increase contrast and reduce resist loss. The
wavelength at which the light undergoes 180◦ phase-shift
should be determined around the centroid wavelength of the
illumination spectrum for enhancing image intensity. It was
also confirmed that the DSI is effective for enhancing DOF
even in conjugation with an Att. PSM. Experimental results
demonstrated that DSI and PSM could resolve 1.0 µm L/S
with a large DOF, which even surpasses that of 1.2 µm L/S.

Although using such techniques to improve resolution
could potentially introduce some problems, our approach
is valid for achieving resolution up to 1.0 µm L/S in FPD
lithography. Our technique has the potential to be indispens-
able for manufacturing future high-end display devices.
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