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Abstract

A simple interference exposure method using a phase-shifting mask was discussed on the basis of
Fourier synthesis for fabricating blazed gratings. A phase-shifting mask was designed with 244 nm
exposure-light wavelength to launch multiple diffraction beams so that resultant interference pattern fit to
required optical intensity profile. Fine surface-relief pattern on SiO, mask for 3 pm-period sawtooth
optical-intensity profile was fabricated by electron-beam direct-writing lithography with 30 nm scanning
step and relief height of 65 nm. Sawtooth-like intensity profile was demonstrated with theoretically
predicted interference visibility. A UV photoresist was exposed through the fabricated phase-shifting

mask and developed to form a blazed grating.

1. Introduction

A blazed grating having sawtooth cross-section
is widely used because of its high diffraction
efficiency.  Several techniques are used for
fabricating such a grating. A popular method is
the electron-beam (EB) direct writing exposure of
low-I' EB resist with dose control.'"® Tilt dry
etching with thin-stripe mask loaded on a substrate
was also utilized.” However, they are not suitable
for large area patterning because of its low yield or
the special etching layout. Optical exposure of
low-I" photoresist is attractive from the viewpoint
of high-yield patterning of large area. An
exposure method using a gray-tone mask can
produce arbitrary cross-sectional profile*® but is
not good for short grating period or small feature
size. An optical interference or holographic
exposure method is applicable to a short grating
period comparable to the wavelength of an
exposure wave, but the conventional two-beam
interference generates only a sinusoidal optical-
intensity profile. An exposure technique utilizing
tilt interference fringes was reported for blazed

grating”® but suitable only to transparent substrate.

If a large number of waves can be interfered with
precise control of their complex amplitudes, nearly
sawtooth profile can be made by Fourier synthesis.
Mach-Zehnder-interferometer-like exposure
systems were proposed and discussed more than

30 vyears ago™'®, though careful optical

arrangement and high stabilization were required
in order to adjust the complex amplitudes of the
interfered waves.

Recently, a much simpler interference exposure
method using a kind of phase-shifting mask was
proposed and demonstrated by the authors'™'?.
Multiple waves were generated by the diffraction
by the mask having a fine periodic relief pattern of
deep sub-wavelength feature size. The method
utilizes both positive and negative diffractions,
and the multiple harmonic waves diffracted by the
mask propagate with tilted angles in the air gap
and overlap on the photoresist to form a required
sawtooth intensity pattern based on Fourier
synthesis. Although it is impossible to control the
positive and negative diffractions independently,
there is no problem as far as the blazed grating has
a uniform period. In other words, this mask-
interference method is useful only for uniform
blazed gratings. On the other hand, a chirp grating
provides a lens function and is much preferable in
many applications. Then we investigated another
layout enabling the generation of a sawtooth
optical intensity profile with a chirp period"*'*.

In this paper, we report a fabrication of a blazed
grating of a uniform period by using a phase-
shifting mask and preliminary experimental results.
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2. Phase shift for sawtooth optical intensity

A Dbasic layout of the proposed interference
exposure system porviding sawtooth optical

intensity with a uniform period is depicted in Fig. 1.

A phase-shifting mask of a grating period A along
y-direction is set apart by a separation air gap z
from a photoresist layer coated on a substrate.

A plane wave from UV laser propagates
downward along the normal (z direction) of the
mask and is shifted in phase by a relief on the
bottom face of the mask to be split to multiple
space harmonic waves. The phase shift can be
written as

5() = 5 S,sin(sKy + A,), ()
=0

where K = 2n/A, and s denotes the order of
harmonics. Parameters J; and A, are real. The
electric field of the wave just after transmission of
the phase shifting relief at z = 0 can be expressed by

E()=E,exp{-js(»)}. 2)

The optical intensity is constant along y-direction
at z = 0. From the periodicity, E(y) can also be
expressed by

Ep)= X c, exp(-jpKy), 3)
p=—©

where p represents the order of harmonics. The
optical intensity is given by

I(y,z)= %Cp exp {—j(va+1/k2 —(pK)2 z)}z, €]

where k is the wave number in the air. We fit I(y,
Zop) to a target pattern A(y) by optimizing z,, and
expansion coefficients c,. For a sawtooth pattern,
A(y) must be

2 ® A
A(y)= 10(1 +_/r1n yj = 2 1, exp(—jqu) |y! < ;,
g=-©

)
where m represents interference visibility, [; is the
Oth order coefficient, and other coefficients I, are

given by
1,= jC)™ ﬂ1—0; (g=0). (6)
qr

¢, are chosen so that Eq. (4) is equivalent to Eq. (5),
then &y) is determined from Egs. (2) and (3).
When &y) is small, & and A4; giving Eq. (5) at the
middle of photoresist are expressed approximately
by

m
’ snsin{@— V- szK2)50+ @,Ak— ﬂnrzk2 = ssz)t,/Z}
A, =(s+1)7r, @)

where n, and ¢, are the refractive index and the
thickness of the photoresist, respectively.
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Fig. 1 Proposed layout of multi-beam interference
exposure of blazed grating pattern with use of
phase shifting mask.

3. Design example of phase-shifting mask

A UV laser of 244 nm wavelength and SiO,
glass of 1.51 refractive index were considered as
exposure light source and mask material,
respectively. ¢.and s, of UV resist are assumed to
be 0.5 pm and 1.6, respectively. &y) was
determined to give a sawtooth intensity profile in
the middle of UV resist layer with m of 0.5.

A design example is shown in Fig. 2 for 3 um
period grating. 2z, was chosen to be 14.6 pm.
Harmonic waves up to 12th order can propagate in
the air. A phase shift &y) was obtained by
substituting Eq. (7) to Eq. (1) with the order s
truncated at six, and is depicted in Fig. 2 (a). &)
can be directly converted to relief depth of a mask
which is also shown on the right side axis.
Calculated intensity distribution I(y, z) from z = 0
down to z = zy+ ¢, /2 is shown in Fig. 2 (b). It can
be seen that the sawtooth-like profile is gradually
formed as propagation from the flat intensity
distribution at z = 0. However, fine fluctuation is
also seen in the resist at z = z; + ¢, /2 because the
interference occurs with limited harmonics.
Intensity distribution shows no serious change
along propagation in the resist ( zo<z <zy+ ¢, )
and is plotted in Fig. 2 (c).
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(a) Phase shift distribution and mask relief
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(c) Intensity distribution in UV photoresist

Fig. 2 Design example of 3 um period grating.

4. Fabrication and characterization of mask

The designed surface relief was fabricated by
electron-beam (EB) direct writing lithography.
Low-I" EB resist and polythiophene (conductive
polymer) were spin-coated on a SiO, glass
substrate. EB was scanned along x-direction with
step increment by 30nm along y-direction.
Scanning speed of each line was controlled to give
the dose distribution propotional to the required
relief depth. After development, the relief pattern
was measured by atomic force microscopy (AFM).
A cross-sectional profile of the obtained relief is
shown in Fig. 3. The pattern height from the
bottom to the peak was 65 nm and fine structure
similar to the designed one was obtained.

A plane wave of 244 nm wavelength was
illuminated from the rear side of the substrate and
the wave transmitted through the relief was
collected by a UV objective lens and imaged on a
UV image sensor. An example of the optical
intensity distribution obtained with an air gap of
15 pm was shown in Fig. 4. A sawtooth-like
intensity profile with theoretically predicted
modulation depth was observed, although speckle

noise caused by imaging optics degraded the shape.
The obtained interference visibility was slightly
larger than the designed one, which can be
attributed to slightly deeper relief and higher
refractive index of the EB resist. The relief
pattern was transferred in the SiO, substrate by dry
etching. The transferred relief height was about
60 nm. This height is equal to the designed one.
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Fig. 3 AFM image and relief height of the

fabricated mask.

OO

>~

= ) }.l m "

@ N : A

o | i g \'
g gl {1 I

= |'l | A | N

o« p— {_‘ II H
—_— ~ - o 7 \ N, /\) \
8 l"‘-\/\ / \'\ [/

o =

8 0 AN AT PN A PAANISAANN AN prel e D g DN

Fig. 4 Measured optical intensity profile. Shape
degradation is due to noise by imaging optics.

5. Fabrication of blazed grating

A Pyrex glass is opaque for 244 nm wavelength
and was chosen as a substrate in order to avoid
multiple reflections inside the substrate which
would degrade the interference pattern. A 0.5-
pm-thick UV photoresist (M151Y provided by
JSR) was coated on a 1-mm-thick Pyrex glass
substrate. A layout for the exposure is illustrated
in Fig. 5. The substrate was fixed to a stage with a
lum- resolution encoder and set apart by 15 um
from the phase-shifting mask. Light from a UV
laser (Ar+SHG) of 244 nm wavelength was
spatially filtered, expanded, and collimated.
Illumination power density was 15 uW/cm’. The
UV photoresist was exposed through the mask.
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An exposure time was 5 min. After development,
the relief pattern was measured by AFM. A cross-
sectional pattern of the obtained relief is shown in
Fig. 6. The pattern was a sawtooth-like shape.
The relief height was about 20 nm. This height is
not sufficient to give high diffraction efficiency
and should be magnified by one order. On top of
that, some microstructure was observed on the
relief surface. We are now under theoretical and
experimental work to obtain deeper and smoother
sawtooth pattern.

Phase-shifting mask ¢, potrate

Collimate lens

UV lager —

Air gap

UV photoresist
Fig. 5 Exposure layout with phase-shifting mask.
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Fig. 6 Cross-sectional profile of the obtained
resist grating.

6. Conclusions

A proposed interference exposure system using a
phase-shifting mask was discussed for fabricating
blazed grating. Fabrication of sawtooth-like relief
pattern by using a phase-shifting mask was
demonstrated for the first time. Non-contact
exposure through a phase-shifting mask provides
advantages in simple layout, high yield, damage or
contamination free, etc. A phase-shifting mask for
3 pm period grating was designed and fabricated.
A sawtooth optical intensity profile was
demonstrated. A UV photoresist was exposed
through the mask which was carefully aligned and
fixed. We obtained a sawtooth-like relief pattern
although the pattern depth was not sufficient and
should be improved.
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