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The plasmonics Talbot effect in metallic layer with infinite periodic grooves is presented in this study. Numerical ap-
proach based on the finite element method is employed to verify the derived Talbot carpet on the non-illumination side. The
groove depth is less than the metallic layer thickness; however, for specific conditions, surface plasmons polaritons (SPPs)
can penetrate through grooves, propagate under the metallic layer, and form Talbot revivals. The geometrical parameters
are specified via groove width, gap size, period, and wavelength, and their proper values are determined by introducing
two opening ratio parameters. To quantitatively compare different Talbot carpets, we introduce new parameters such as
R-square that characterizes the periodicity of Talbot images. The higher the R-square of a carpet, the more coincident with
non-paraxial approximation the Talbot distance becomes. We believe that our results can help to understand the nature
of SPPs and also contribute to exploring this phenomenon in Talbot-image-based applications, including imaging, optical

systems, and measurements.

Keywords: Talbot image, surface plasmon polaritons, groove array
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1. Introduction

The Talbot effect was discovered in 1836. The Talbot
effect reveals the appearance of periodic images at serial dis-
tances on the back side of a periodic hole and slit array or
on the illumination side of a grating when a structure is il-
luminated by normal monochromatic light.[!! The effect is at-
tributed to nearfield diffraction and has been used in numerous
fields, such as acoustics,?! optical dispersive fiber system, ]
scanning electron microscope imaging, ! lithography,>! non-

6] microlens,!”! interferometric measurement, 8!

linear optics,[
array illumination,®! and optical trapping.['°]

The unique features of surface plasmon polaritons
(SPPs) make them a critical candidate for nanophotonics
applications.!!'=15] By analogy of SPPs, which are electro-
magnetic waves propagating along the interface between metal
and dielectric, with other electromagnetic waves, we antici-
pate that SPPs also exhibit periodical revivals. More recently,
the formation of revivals in the near field has been explored
theoretically!'*2% and experimentally.[?!~2*] Plasmonics re-
vivals were formed when the light wavelength was smaller
than the array period. > In addition, their fast damping short-
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ened their propagation length; thus, only the first and second
row of Talbot revivals have received the attention. However,
the Talbot distance in the plasmonics regime, was not coin-
cident with that in the paraxial approximation that had been
introduced by Rayleigh.*®! Furthermore, Oosten et al. intro-
duced an alternative approach!??! and derived a non-paraxial
formula to explain the shift.

In this paper, we utilize the tunneling nature of SPPs in a
periodic groove array and prove that the Talbot carpet can be
created if the separation distance is less than the SPPs penetra-
tion depth.[?”! We use the finite elements method (FEM)-based
numerical approach and determine the geometrical criteria for
observing revivals. To achieve this goal, two ratios relating
to geometrical parameters are introduced and a proper set of
values is determined for each ratio. The comparison is accom-
plished by using the R-square, which is a fitting value in the
MATLARB fitting tool. Furthermore, the contrast and size of
self-images are determined. Our data will improve the under-
standing of SP tunneling in groove-array structure that can be
used in a wide range of applications, such as in nanolithogra-

phy, nonlinear optics, and image processing.
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2. Structure description and simulation set up

Figure 1 shows a schematic view of the proposed infinite
periodic groove array drilled on a silver film. To excite SPPs,
the TM mode light is incident from the top, where it is normal-
ized into unity. P, d, H, and W denote period, groove width,
step thickness, and film thickness, respectively.

incident light (Ag)—TM mode
W, d,
H— h¢ — — — -
SPPs silver

Fig. 1. (color online) Two-dimensional scheme of proposed infinite periodic
groove array structure.

Our simulation approach is based on FEM and we used
the Comsol commercial simulation platform. The boundary
condition for the top and bottom were scattering boundary
conditions that for normal illumination are proper conditions,
whereas we used the periodic condition at each of the side
boundaries. The silver dielectric function was described by
Drude model (g = €. — a)g /(@ + iwy)), where &. (high-
frequency bulk permittivity) is 4.2, @, (the bulk plasmon fre-
quency) is 1.346 x 10'® rad/s, and 7y (the electron collision
frequency) is 9.617 x 10'3 rad/s.[!! Moreover @ = 27c/A,
where ¢ and A denote the light speed and incident wavelength
that was fixed at 632.8 nm. The mesh size inside the grooves
and the gap were both considered to be 5 nm, whereas in the
rest of area it was 20 nm. The goal was to determine the
proper value for h, W, P, and d. To achieve this goal, in
the way similar to that in Ref. [21] we introduced two “open-
ing” ratios @ and Y, where @ is d/P and 7y is P/A. The pres-
ence of grooves can provide the necessary wave vector to ex-
cite the SPPs dependent on geometrical parameter and inci-
dent light wavelength. We set the structure parameters to be
H =150 nm, 2 =20 nm, P = 1220 nm, and o = 0.5, which
lead to W = d = 610 nm. Our proposed configuration was a
broadband device!*®! in the visible range. However, at a wave-
length of 632.8 nm, the transmission was higher.

3. Results and discussion

Two basic characteristics of SPPs are its propagation
length, expressed by Lg, = 1/Im(2kgp), Where kg = 277/ Agp,
Asp = A0/ ((€m+1)/€m), and penetration depth, expressed
by?”! A /27\/|€m|. To design plasmonic devices, these char-
acteristics should be considered accordingly. The SPPs can
tunnel through metallic layer if the thickness is less than the
penetration depth. For silver at this wavelength, the penetra-
tion is 25 nm; thus, /& should be less than this value. Further-
more, SP decays rapidly after propagation length; thus, for

any application the effective working length should be less
than this value. For silver at this wavelength, the propaga-
tion length is 36 um; thus, only the revivals formed in this
length have sufficient intensity. Figure 2(a) shows the electric
field spectra in a logarithmic scale when the above criteria are
considered. Talbot revivals and fractional revivals both can be
observed. Lines A and B represent the non-paraxial and parax-
ial prediction value for Talbot distance, respectively. Line A
(the first Talbot revival), which is located at 4.36 wm, is more
coincident with simulation results; thus, the non-paraxial ap-
proximation that is expressed by(>?!

©=Aspp/{1 — [1(Aspp/d)?]"/?} 1)

is a preferable formula. The light intensity profile along the z
direction in the center of the structure has a periodic behavior
where the peaks correspond to Talbot revivals. To find the op-
timized geometrical parameters, we introduce physical param-
eters. R-square is the fitting value for estimating the wave peri-
odicity and is based on Fourier series fitting tool in MATLAB.
Size (along x direction at first revival) is defined as the width
cut by the middle intensity line located between the peak and

Electric field intensity/arb. units
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Fig. 2. (color online) (a) Electric field spectrum of the proposed struc-
ture. Talbot images are created on non-illumination side, with incident
wavelength being 632.8 nm, and geometrical parameters being set to be

= 150 nm, & = 20 nm, P = 1220 nm, and o = 0.5. (b) Plots of light
intensity versus z for different gap thickness.
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minimum on the intensity profile. Contrast is defined as the
difference between the peak and minimum of intensity over
the peak value multiplied by 100. Favorable Talbot revivals
should have a smaller full width at half maximum (FWHM)
and higher R-square and contrast.[*”] Meanwhile, the revivals
with sizes closer to the actual groove size are better.

The intensity profiles for different gaps are indicated in
Fig. 2(b). It can be seen that Talbot distance does not change
but the intensity drops rapidly with increasing 4. Figure 3(a)
shows the contrast variation with gap thickness, when gap
equals 15 nm, the contrast is highest. The revival size is en-
hanced smoothly as shown in Fig. 3(b). The R-square profile,
depicted in Fig. 3(c), has the highest value corresponds to &
equal to 15 nm. The peak value of light intensity drops sharply
as indicated in Fig. 3(d). It can be concluded that better Talbot
revivals are formed when the gap is a value between 15 nm
and 20 nm.

91.5 2 755
o = 750
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Fig. 3. (color online) (a) Contrast, (b) revival size, (c) R-square, and (d)
intensity peak versus gap thickness.

4. Discussion on geometrical parameters

To gain a more in-depth insight into the geometrical pa-
rameter criteria, we investigate the physical parameter varia-
tions for different values of ¢ and y. This is similar to the
approach previously presented by Hua et al. for the nano-
hole array.?”) We are interested in determining the effective
working range for geometrical parameters of the groove array.
Three parameters, namely, P, A, and a, are subjected to opti-
mization. Three different cases are considered:

4.1. Case 1 where P and A are fixed and ¢ is varying

Since period is constant, any change of o value can cause
the thickness of grooves and steps to be modified. The value
of P and A are set to be 1220 nm and 632.8 nm, respectively.
The light intensity along the central line varying with posi-
tion in the z direction for o value increasing from 0.2 to 0.7 is
shown in Fig. 4(a). From Eq. (1), the locations of revivals are
irrelevant to ¢ variation. However, a slight shift in Talbot dis-
tance is observed in simulation results. It is found that when o

is located between 0.5 and 0.58, the non-paraxial approxima-
tion is well coincident. Figure 4(b) shows the peak intensity
variation with ¢, indicating that lower ¢ can lead the light in-
tensity to reach the highest value. However, from Fig. 4(c) we
can see that for lower o the contrast is very low, while for & in
a range between 0.45 and 0.6 the contrast is sufficiently high.
Figure 4(d) shows that in the R-square profile, for the narrow
range between 0. 5 and 0.58, the R-square is nearly constant
and stable. We can generalize that the interval between 0.5
and 0.58 is a stable working zone, and any value located in
this range can give proper Talbot image with high contrast,
R-square, and intensity.
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Fig. 4. (color online) (a) Plots of light intensity versus x in center of structure
for different values of ¢. (b) Peak intensity, (c) contrast, and (d) R-square
varying with a.

4.2. Case 2, where A is fixed and P is varying

The wavelength is still set to the same value as used previ-
ously. For each P, proper o should be determined. Moreover,
it is found that light intensity profile behaves differently for
various Y values. Figure 5 shows the light intensity profiles
for four y values for some a values ranging from 0.3 to 0.7.
According to the result of the light intensity profile, three dif-
ferent regimes are recognized:

Regime 1 y < 1.25 and y > 2: Talbot image is not formed;
thus, we ignore the studying of these values. When y = 2 for
small values of ¢, Talbot revivals do not appear. However, for
the sake of compression, we assume the location of maximum
intensity to be the revival point and extract the data.

Regime 2 1.25 <y < 1.7, and 1.95 < y < 2: despite the
fact that the Talbot revivals appear, the R-square is less than
90%, or the Talbot distance is not consistent with the non-
paraxial approximation. We only study the profiles with R-
square larger than 90% to guarantee that their Talbot patterns
are satisfactory.
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Fig. 5. (color online) Light intensity profiles for different y values while in each period ¢ changes. In each period, some values of o show proper
periodic profiles; however, for any desired period, & values located between 0.5 and 0.58 provide appropriate Talbot revivals.
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Fig. 6. (color online) Plots of Talbot distance versus ¢ for various values of
opening ratio . Blue and green lines represent the non-paraxial approxima-
tion and numerical result, respectively.

Figure 6 shows Talbot distance variations versus o for
various Y values. By changing 7, the periods change; therefore,
Talbot distances vary accordingly. For each 7, a slight discrep-
ancy exists between theory and simulation, which is probably
attributed to the difference in the nature of diffraction effect

between the grating and groove structure. It is observed that

for o located in a middle range, any Y can approximately form
Talbot revivals at the predicted location. It can be concluded
that for o values located in a range from 0.5 to 0.58 simi-
lar to the scenario in Subsection 4.1, better periodic behavior
and high compatibility with non-paraxial approximation can
be obtained.

Regime 3 1.7 < y < 1.95: we refer to this range as work-
ing zone; because the profiles have an apparent periodic be-
havior and appeared Talbot images are in good consistency
with non-paraxial approximation. The plots of R-square ver-
sus o for different y values are shown in Fig. 7(a), whereas
the plots of R-square versus Y for different o values are given
in Fig. 7(b). Through these two figures, we can completely
determine the working zones, respectively, for & and y. The
hatched sections represent working zones, respectively, for o
and y. The working zone for o is still the same as that in
regime 1. Generally speaking, for this wavelength, opening
ratios located within the hatched areas both give the distin-

guished Talbot carpet.
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Fig. 7. (color online) (a) Plots of R-square versus ¢ for different y values,
and (b) plots of R-square versus ¥ for different o values. Hatched rectangles
represent working zones for o and 7, respectively.
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4.3. Case 3, where A and P are both varying

For each wavelength, the proper ¥ and & should be rec-
ognized. However, to avoid long simulation time and large
memory space and to accelerate the simulation speed, some
approximations are indispensable. In the previous parts we
found that for different cases, ¢ has a constant working zone;
thus, in this regime we pick up the best value for o, which
is 0.54, and set it to be a constant. Figure 8 shows the light
intensity profiles versus 7 for different wavelengths within the
visible range. As shown in the figure, the intensity magni-
tudes are different at various wavelengths, which can be at-
tributed to the transmission variation due to mismatch in wave
vector at different wavelengths. Furthermore, the Talbot dis-
tance increases with enhancing the wavelength, which is in
good agreement with Eq. (1). The scenarios for four wave-
lengths are presented, and more details can be found through
the legend. Different colors represent different opening ratio
Y values. A smaller ¥ does not apparently represent highly
standard periodic behavior; meanwhile the light intensity is
not high. Like the previous parts, we can define three regimes
based on the y value for each wavelength:

Regime 1 y < 1.25 and > 2: our results show that the

Talbot image does not appear any more.
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Fig. 8. (color online) Light intensity profiles for different wavelengths, with & fixed but 7y varied.
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Regime 2 1.25 < y < 1.58: 1.97 < y < 2: The Talbot
revivals are formed but R-square is less than 90% and Talbot
distance does not accord with non-paraxial predictions.

Regime 3 1.58 < y < 1.97: The Talbot images are cre-
ated with R-square is larger than 90%. Figure 9 shows the
plots of the Talbot distance location versus opening ratio y for
different wavelengths. The rectangles show the areas where
simulation results are in sufficiently good agreement with the-
oretical results. The rectangles do not overlap with each other,
which makes it difficult to determine the working zone. It
is concluded that for different wavelengths, simulation-based
and analytical-based Talbot distances are not well coincident
with each other. To determine the working zone, the R-square

variations are required.
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Fig. 9. (color online) Numerical and theoretical results of Talbot distance
varying versus Y for different wavelengths.

The results are shown in Fig. 10. It is observed that within
the hatched area where 7y is between 1.58 and 1.97, the R-
square is sufficiently high, and we can refer to it as a working
zone. Generally speaking, by implementing the result of the
previous parts, we can summarize that for any wavelength un-
der any condition, the working zones for ¥ and o to achieve
a preferred Talbot carpet should be between 1.7 and 1.95 and
between (.5 and 0.58, respectively.
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WP \ NN\
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Fig. 10. (color online) Plots of R-square versus 7 for different wavelengths,
where Hatched rectangle located between 1.58 and 1.97 represents working
zone.

5. Conclusions and perspectives

In this work, the geometrical parameter criteria for ob-
serving the Talbot effect in plasmonic infinite periodic metal-
lic groove arrays are determined and analyzed numerically.
Two opening ratios are introduced to investigate the structure.
Furthermore, the R-square, size, and contrast for revivals are
determined as well. Three different cases are imagined. For
any wavelength in the visible range, the opening ratio ¢ has a
working zone located between 0.5 and 0.58. Meanwhile, the
opening ratio ¥ has a working zone located between 1.7 and
1.95. In this range, the Talbot revivals with high contrast and
R-square appear. Additionally, their Talbot distances are in
good agreement with non-paraxial approximation. Our result
can directly have the Talbot-image based applications, espe-
cially in imaging and lithography.
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