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FDTD analysis of Talbot effect of a high density grating
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Talbot effect of a grating with different flaws is analyzed with the finite-difference time-domain (FDTD)
method. The FDTD method can show the exact near-field distribution of different flaws in a high-density
grating, which is impossible to obtain with the conventional Fourier transform method. The numerical
results indicate that if a grating is perfect, its Talbot imaging should also be perfect; if the grating is
distorted, its Talbot imaging would also be distorted. Furthermore, we can evaluate high density gratings

by detecting the near-field distribution.
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When a periodic object is illuminated by a monochro-
matic light wave, an image of the object will appear at
some distant planes behind the object, which is called
Talbot effect!. Talbot effect has been extensively ana-
lyzed with the scale Fourier transform method. For a
plane wave, the distance Z, behind the object is given
by Z, = nZ;, where Z; = 2d>/)\, X is the wavelength of
the incident light, d is the period of the grating, and n is
a positive integer. The self-imaging of any type of grat-
ings at Talbot distance can be explained by means of the
Fresnel equation. It is also shown that at some fractional
Talbot planes the diffracted intensity distribution is also
similar to the object>=%. And there are simple relations,
such as the symmetry principle and regularly rearranged-
neighboring-phase-difference (RRNPD) rulel®.

The finite-difference time-domain (FDTD) method has
been used extensively in calculating many electromag-
netic problems since the initial work of Yeel® and its
popularity continues to grow as computing cost contin-
ues to decline. Nowadays, the FDTD method is one of
the most popular numerical methods for the solution of
electromagnetic problem!”. It is also applied in optical
waveguides!®!, photonic crystall®), and diffractive optical
elements (DOEs)['°~12 Ichikawa analyzed the diffrac-
tion gratings with feature sizes comparable to the wave-
length with FDTD method. The diffraction efficien-
cies were obtained and in good agreement with other
commonly used numerical methods in the frequency do-
main. And the femtosecond-order optical pulses were
applied in this diffraction problem tool'?]. In this paper,
Talbot effect of a grating with different flaws is analyzed
with the FDTD method. To our knowledge, it is the
first time that FDTD method is applied to analyzing the
performance of this kind of diffraction. The flaws might
be caused by the fabrication errors, such as the irregu-
lar flaws and stochastic fluctuation of the groove depth.
For a grating with stochastic flaws, we cannot obtain
the exact near-field distributions with the conventional
Fourier transform method. It is necessary to use FDTD
method for analysis of this kind of diffraction. The finite-
difference time-domain method is a powerful method that
can be used to analyze the diffraction in the near field
when there is variation of the electromagnetic field dis-
tribution. We analyzed the Talbot effect with different
kinds of flaws. We try to recognize the relation between
the flaws and the near-field distributions; when there is
no flaw, the Talbot imaging of a grating will be perfect.
When the grating is distorted, the Talbot image must be
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distorted.

The FDTD algorithm used here is the most standard
one based on the Yee lattice. In this paper we assume
that the grating is normally illuminated by a TE plane
wave. In such case, the solutions of Maxwell’s curl equa-
tions in a finite-difference expression reduce to
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here, €, u, and o are permittivity, permeability, and the
medium’s electric conductivity, respectively. Az, Ay,
and At are lengths of the unit cell in the z and y di-
rections and a single time step, respectively. We let
Az=Ay =X/20 and At =Az/2c in the simulation. Inte-
ger values 7 and k£ denote the position of sample points
in the z and y directions. For permittivity we use the ex-
pression e=epe;", where €q is the value in a vacuum and
g;" is the relative permittivity of the value of the jth
medium. The propagation of the electromagnetic field
is simulated with Egs. (1)-(3), step by step in the time
domain.

An example of the diffraction gratings used here is a
dielectric grating with period of 2.6\, and the peak-to-
valley modulation depth of A. The sine-shaped-surface-
relief grating was assumed to be fabricated in glass (rela-
tive permittivity €1"=2.25) and the outside medium is air
(relative permittivity e2"=1.0). The wavelength of the in-
cident plane wave is 0.6328 um. The incident plane wave
is oscillated sinusoidally in the time domain, and the am-
plitude of the electric field is set to unity for simplicity.
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Fig. 1. Numerical simulation of a perfect sine-shaped grating
with period of 2.6\ and the modulation depth of A. The
near-field distribution along with the increased distance. The
Talbot images appear periodically in the x direction.
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Fig. 2. the Distribution of the electric field intensity at 1/4
Talbot distances. (a) A perfect sine-shaped grating, (b) a
distorted grating with a slight random magnitude fluctuation
of A/10, It is slightly different from the perfect Talbot imag-
ing, (c) a distorted grating with a larger random magnitude
variation of A\/4, which is obviously different from the perfect
imaging in (a), (d) a grating with a half of the central period
destroyed, which is different from (a). But it is hard to tell
the difference between (c) and (d).

At first, we investigate a perfect sinusoidal grating with
the parameters above. Figure 1 shows the numerical sim-
ulation of the electric field intensity distribution at dif-
ferent sample points. The Talbot images appear peri-
odically in the z direction. The electric field intensity
distribution at 2.6 pm (about 1/4 Talbot distance) away
from the grating is shown in Fig. 2(a).

The FDTD method is a powerful method that can be
used to analyze the diffraction in the near field with the
distorted grating, which might be caused by the fabrica-
tion errors, such as the irregular flaws. We analyzed the
Talbot effect with three different kinds of errors. The first
is a slight fluctuation of the grooves in the grating, with
a random magnitude variation of A/10. It is slightly dif-
ferent from the perfect grating. The second is a distorted
grating with a larger random variation of A/4. The fault
in these two cases is stochastic. The third is a grating
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with a half of the central period destroyed.

To see the influence of the flaws, the distribution of the
electric field intensity at 1/4 Talbot distance is shown in
Figs. 2(b), (c), and (d). For the first case, because the
fluctuation in the grating is very slight, its influence is
also small. The Talbot image at 1/4 Talbot distance as
shown in Fig. 2(b), is not perfect as Fig. 2(a). There is
a slight variation of the peak intensity in Fig. 2(b). For
the second case, it is a distorted grating with a larger
fluctuation. The influence of the flaw is very evident.
The distribution of the electric-field intensity at 1/4 Tal-
bot distance shows the influence of the flaw clearly. In
comparison of the fluctuation of these two cases, it seems
that the Talbot image looks like the profile of the origi-
nal grating. The question is whether we can obtain the
profile of a grating by detecting its Talbot image. In
other words, can we obtain the profile of the flaws in a
grating from the detected Talbot image? To answer this
question, we study another case, a half of the central pe-
riod of a grating is destroyed. The distribution of the
electric field intensity at 1/4 Talbot distance is shown in
Fig. 2(d). Similar to the former two cases, the Talbot
image is also distorted, but the Talbot image does not re-
semble its original profile of the grating. In comparison
of Fig. 2(c) and (d), we can see that the Talbot images
are similar, but the original errors in the input gratings
are quite different. That is to say, we cannot know the
original profile of a grating by simply detecting its Talbot
images. But we know that the grating would be perfect,
if a perfect Talbot image is detected.

In conclusion, by using the rigorous FDTD electromag-
netic computational model, we analyzed the Talbot effect
with different kinds of faulty. This method requires long
computing time and huge memory space. But for this ir-
regular flaw, the FDTD method can show the exact near-
field distribution, which is impossible to obtain with the
conventional Fourier transform method. The results of
the numerical simulations indicate that if the Talbot im-
ages of a grating are not perfect, the surface quality of
the grating must be not good. From the Talbot images,
we cannot obtain the detail of the flaws in the grating,
because different kinds of flaws may result in similar noise
in the Talbot images. If a grating is perfect, its Talbot
imaging should also be perfect. For practical applications
it is always necessary to use the perfect grating, not the
distorted gratings. To this end, we do not care about the
detailed information of a distorted grating. In this sense,
we can evaluate a high-density grating according to its
Talbot image. Smaller fluctuation of the detected Talbot
image implies the better quality of the grating under test.
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