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High-resolution grating areas with none stitching error are in demanding needs but usually expensive and hard
to prepare. In this paper, we present a method of making refined grating areas from coarse photolithography
mask using Displacement Talbot Lithography (DTL). DTL is relatively simple and low-cost system based on
mask photolithography for high-resolution periodic structures over large areas. The grating periods on the ordi-
nary coarse photolithographymask was designed as 3.552 μm. By patterning gratings on Si3N4 film deposited on
fused silica as intervening phase masks, the final prepared grating periods shrinks 8 times, down to 444 nm. This
technology is suitable for producing large area high resolution gratings to reduce the research cost, and can be
applied to applications such as DFB laser production, LED substrates preparation and other relative fields.
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1. Introduction

Gratings have an ever growing list of applications such as anti-
reflection structures, sensor arrays, metamaterial applications,
polarizers, plasmonic color filters, spectroscopy and so on [1–8]. The
resolution for Bragg gratings in these applications, defined in terms of
the lattice constant of the periodic structure, is generally in the
100 nm–1 μm range. Even though projection optical lithography has
been served the demands of industry for years, it is not always possible
to reach such high resolution, especially considering the depth of focus
limitation and high cost. Interference lithography [9,10] is able to break
through the limitation of resolution, yet suffers from strict control and
stabilization of optical systemenvironment, and especially hard tomod-
ify whenmultiple grating patterns are needed in experimental research
conditions. Nano-imprint method [11] requires a high resolution, high
cost mask, which is always contaminated by residual polymer. Electron
beam lithography method is slow in making large area gratings, mean-
while suffers from the uncertainty of stitching error, whichmight prob-
ably bring a phase shift in Bragg gratings and destruct the optical
property.

Displacement Talbot Lithography (DTL) is a recently developed low-
cost photolithography technique for patterning high-resolution period-
ic structures that based on optical masks. By varying the gap between
photolithography mask and the wafer corresponding to Talbot length,
DTL is able to project periodic patterns easily without contaminating
the original mask, because there is no contact between the mask and
ng@ciomp.ac.cn (P. Jia).
the wafer when the gap between photolithography mask and the
wafer is varying during the whole exposure procedure [12–14]. The
time-integrated intensity distribution enables to reach unlimited
depth of focus, and for one dimensional grating patterns, the period
on the substrate shrinks as half of the period on the mask [13], which
makes it possible to produce refined structures from coarse original
photolithography mask. In this paper, we present the results of making
refined Bragg grating patterns at period of 444 nm from an original
coarse photolithography mask periods from 3.552 μm, assisted by two
intervening phase shift masks. This technology is suitable for producing
high quality large area high resolution gratings, especiallywhen there're
different in periods for research purpose, to reduce the cost, and can be
applied to applications such as DFB laser production, LED substrates
preparation and other relative fields.

2. Simulations and experiments

In order to make the gratings with targeted period of 444 nm, two
intervening phase shifting masks are needed to be designed and fabri-
cated. Firstly, we use the coarse photolithography mask with grating
patterns of 3.552 μm period to produce a intervening phase shifting
maskwith grating patterns of 1.776 μmperiod using DTL, naming inter-
vening phase shiftmask-I (IPSM-I). Then,we use IPSM-I tomake anoth-
er phase shifting mask with grating patterns of 888 nm periods naming
intervening phase shift mask-II (IPSM-II). Finally, the target 444 nm
grating pattern is to be produced by IPSM-II.

For normal incidence illumination of IPSM-I and IPSM-II, we can
carefully tune the duty cycle and the depth of the grating, in order to op-
timize the strongest ±1 order diffraction to interfere, forming a period
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Fig. 1. Schematic showing mask design parameters of the silicon nitride gratings for
simulation.
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shrunken by half grating pattern independent of the distance from the
mask. 440 nm silicon nitride (Si3N4) deposited on fused silica (quartz)
was chosen thanks to its high refractive index enables the formation
of relatively strong 1st diffraction orders and easy processed by induc-
tively coupled plasma (ICP) etching.

In simulation, IPSM-I and IPSM-II are supposed to be illuminated by
collimated laser at 377 nm and polarized perpendicular to the grating
lines. We name the period of the gratings p, the etching depth of the
gratings h, and bulge of the gratings d, as shown in Fig. 1. Then the filling
factor is described by d/p. p of IPSM-I is 1.776 μm and p of IPSM-II is
888 nm. h and d/p are varied to see how the intensity of back reflection,
0th and 1st-order diffraction change correspondingly. Simulation was
carried out with the help of commercial FEM software COMSOL
Multiphysics. Maps of the simulation results illustrating the intensity
of back reflection, 0th and 1st order diffraction of IPSM-I are shown in
Fig. 2(a), Fig. 2(b) and Fig. 2(c) respectively. Fig. 2(d) gives a specific re-
sult demonstrating the intensities at filling factor d/p = 0.5. The corre-
sponding maps of the intensities for IPSM-II are given in Fig. 3(a),
Fig. 3(b) and Fig. 3(c), demonstrating the back reflection, 0th and 1st
order diffraction respectively.Meanwhile Fig. 3(d) gives a specific result
demonstrating the intensities at filling factor d/p= 0.5.
Fig. 2. Simulation results of intensity for back reflection (a), 0th (b) and 1st order diffrac
Inspecting Fig. 2. and Fig. 3. we find that, the maximization of 1st
order diffraction and the minimization of the 0th order diffraction can
be achieved simultaneously with the same grating parameters: with a
grating filling factor d/p of 0.3–0.7 and a grating depth h of 165 ±
20 nm. The intensities of the 0th and 1st order diffraction of the incident
light are respectively b5% and ~35%.

Based on the simulation results, IPSM-I was fabricated by a DTL ex-
posure followed by ICP etching from the original coarse Chromium
mask, using a commercialize Phable R 100 system supplied by EULITHA.
The period shrunk from 3.552 μm to 1.776 μm. Then, IPSM-I was stick to
an opaque glass to function as the source mask, and IPSM-II was made
following the same procedure. After this step, the grating period shrunk
from 1.776 μm down to 888 nm. Finally, target sample was made from
IPSM-II, reaching a destination period of 444 nm grating. Fig. 4 gives
the SEM pictures of IPSM-I (Fig. 4(a)), IPSM-II (Fig. 4(b)), and the target
sample (Fig. 4(c)), aswe can see under a samemeasuring scale, how the
lines were doubled step by step. The area of the patterns were designed
to be 3.6 mm*1.5 mm. The exposure time was only 175s for IPSM-I and
IPSM II, and only 90s for the targeted 444 nm grating pattern. It usually
takes 3 hours for electron beam lithography to make such a large area
pattern, and to repeat the grating pattern, it will take another 3 hours.
Yet by using DTL method, once IPSM II is made out, it can repeat the
grating fabrication procedure with a steady exposure time of 90s. This
method of making refined gratings is quick and commercially available.
3. Discussion

Ordinary photolithographymasks are usually capable of 1 μm line or
groove, and Talbot effect considersmostly about the periods of the grat-
ings, and have a large tolerance upon fabrication error. The fabrication
tolerance for IPSM-I and IPSM-II are large enough: for etching depth h,
the fabrication tolerance reach ±20 nm, and for filling factor d/p, the
fabrication tolerance was from 0.3 to 0.7, which are quite easy for pro-
cessing. The only limitation of refined grating fabrication using DTL
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Fig. 3. Simulation results of intensity for back reflection (a), 0th (b) and 1st order diffraction (c) of IPSM-II (period 888 nm). (d) demonstrates the intensities at d/p = 0.5.

Fig. 4. The SEM pictures of IPSM-I (a), IPSM-II (b), and the target sample (c).

76 H. Chen et al. / Microelectronic Engineering 189 (2018) 74–77
method is dominated by the theoretically limited fabrication period of
188.5 nm under a given wavelength of 377 nm laser source. It is quite
possible, but still needs our future effort to further refine the grating pe-
riod down to 222 nm, which is the first order grating in silicon on oxide
materials for 1550 nmwavelength integrated optics.

4. Conclusion

High resolution grating areas with period of 444 nm was fabricated
from a 3.552 μm ordinary coarse photolithography Chromium mask
by using DTL method to produce two intervening phase shift masks
IPSM-I and IPSM-II. This newmethod is suitable to produce large grating
areas with accurate period request and without stitching error, in a low
costway, and especially suitable for grating parameter determination in
research.
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