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Abstract
Talbot effect in a metallic groove array is observed numerically based on finite element method (FEM) and verified theoretically
based on non-paraxial approximation. Grooves in the metallic layer are separated from backside with a narrow gap that is smaller
than surface plasmon (SP) penetration depth in metal. At certain circumstances, SPs tunnel through the gap and constructively
interfere beneath the metallic layer. In propagation pattern, called Talbot carpet, self-images at certain distances in a periodic row
parallel the metallic layer are formed. The distance, called Talbot distance, is coincident with non-paraxial approximation result.
To evaluate the periodicity of revivals, new parameters such as R-square, contrast, and image size are introduced. Afterwards,
influence of the structural parameters such as groove size, period, and gap thickness on the light intensity is analyzed and proper
values for near-infrared wavelength range is determined. We anticipate that our finding reveals better understanding of SP
tunneling and paves a way toward utilization of this effect in Talbot effect attributed applications, particularly image processing.
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Introduction

Due to near-field diffraction [1], apertures satisfying d2 > > Lλ
where d, L, and λ represent aperture width, observation dis-
tance, and wavelength, respectively, show a unique effect that
is discovered by H. F Talbot in 1836 [2] and thereafter recog-
nized as Talbot effect. In this effect, self-images appear after
transmission or reflection from a finite or infinite periodic array.
Rayleigh [3] used Fresnel diffraction integral and derived an
analytical relationship to determine the location of self-images.
The effect is widely utilized in various optical applications such
as interferometric measurements [4] lithography [5], microlens
[6], array illumination [7], and trapping [8].

Because Talbot effect is a wave optics phenomenon, it is
expected to be observed in all kinds of optical waves in-
cluding SPs [9]. SPs are under-diffraction electromagnetic
waves that propagate at the interface between metal and
dielectric and attracted great attention in light manipulation
[10–15]. Due to wave nature of SPs, researchers were mo-
tivated to explore plasmonic Talbot effect as well [16–23].
Among them, Chowdhury et al. for the first time discovered
self-imaging through periodic nanohole arrays by using
scanning aperture microscopy [20]. Later, Maradudin et
al. investigated a periodic row of circular metallic dots
and proved that transmitted SPs exhibit Talbot effects as
well [24]. It has been demonstrated that plasmonics Talbot
image is observable for the wavelengths smaller than the
array period [16]. Meanwhile, the Talbot distance, in
plasmonics regime was not coincident with the paraxial
approximation, and modified formula was introduced to
explain this deviation by Oosten et al. [25]. However, some
research gap on plasmonic Talbot effect is still existing,
especially those related to exploring this effect in compli-
cated structures and exploiting the effect in numerous
applications.

This paper adopts FEM-based numerical approach to dem-
onstrate plasmonic Talbot effect behind the metallic layer
while there is no slits or holes drilled on it. Albeit it should
be noted that the separation between bottoms of grooves and
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the back surface should be considered accurately to assist SP
tunneling to the backside of the metallic layer through the gap.
Our results are determined by introducing new physical pa-
rameters such as R-square, an estimation of wave periodicity,
size, and contrast.

Structures Description and Simulation Setup

Our schematic structure predicted in Fig. 1 consisting an
infinite periodic groove array drilled on a silver film with
period P, groove width W, and film thickness H. The inci-
dent light is z-polarized beam with the intensity normalized
to unit. In the simulations, the permittivity of the silver (ɛm)
is described by Drude model (ɛm = ɛ∞-ωp

2/(ω2 + iωγ))
which is coincident with experimental data in near-
infrared range. The high-frequency bulk permittivity, ɛ∞;
the bulk plasmon frequency, ωp; and the electron collision
frequency, γ are 4.2, 1.346 × 1016, and 9.617 × 1013 rad/s,
respectively [26]. Meanwhile ω = 2πc/λ0 where c and λ0
stands for light speed and incident wavelength is fixed to
632.8 nm. Numerical analysis is carried out through
COMSOL that is a FEM algorithm-based commercial soft-
ware. Due to symmetry, structure simplified as two-
dimensional geometry with nine periods. The mesh size
inside the grooves and narrow gap is considered 5 nm while
in the rest of area, it is 20 nm to drastically reduce the
simulation time and thereby the amount of information
store to memory. Scattering boundary condition was ap-
plied for top and bottom boundaries, whereas periodic
boundary condition was applied for side boundaries. The
geometrical parameters are set to beH, 150 nm; h, 20 nm; P,
1220 nm; and α, 0.5 that givesW = d = 610 nm, The gap (h)
is a critical parameter and plays significant role in either
preventing or permitting SP tunneling through it. To char-
acterize the appropriate groove width and period, this re-
search adopted the approach of Zhang et al. [27] and intro-
duced an Bopening^ ratio, α, defined as; α = d/P which has
a range between 0 and 1. Unlike periodic hole array that
periodicity should take specific values to overcomes the
mismatch between impinging light and SPs wave vectors
and excite SPs at the illumination side, the groove array is a
broadband device in visible range.

Results and Discussion

SPs excite at the illumination surface, propagate toward the
grooves, penetrate through the gap, and finally propagate to
free space beneath the metallic layer. The penetration depth is
expressed by [9] λ0/(2π√|ɛm|). The penetration depth plays a
fundamental role, and must be considered carefully. For our
working wavelength that is considered between 550 and
750 nm, the penetration depth is between 23 and 30 nm.
This approves that our selected gap thickness is appropriate
to allow SPs tunnel through the gap and propagate under the
metallic layer. Due to short propagation length, the SP inten-
sity propagating under the metallic layer decays rapidly when
move away from interface. The propagation length is
expressed by Lsp = 1/Im(2ksp), where ksp = 2π/λsp and
λsp = λ0√((ɛm + 1)/ɛm) which is strongly wavelength dependent
[9] and for our working wavelength range, it differs from 8 to
85 μm. The light intensity under the metallic layer compared
to nanoholes and nanoslits is lower; however, Talbot self-
images are still observable. When the light illuminate the
structure, the SPs are excited and assist in light transmission
and from Talbot images in magnetic field spectrums as
depicted in Fig. 2. For the sake of higher visibility, the spec-
trums are shown in logarithmic scale.

Furthermore, it is worthy to note that the green spots in
Talbot carpets correspond with the shadow points in real pic-
ture. The Talbot revivals (self-images) are created in distances
called Talbot distance τ, whereas another image, called frac-
tional revivals, is formed at τ/2. Lines A and B are correspond-
ing to non-paraxial and paraxial (P/λ > > 1) estimation of
Talbot distances, respectively. The theoretical derivation of
paraxial [3] (τ = 2P2/λ) and non-paraxial regime can be found
somewhere else [25]. However, line A is placed in close prox-
imity to the center of spots that verifies non-paraxial approx-
imation is valid for plasmonics groove arrays. In non-paraxial
approximation, the Talbot distance is expressed by [25]:

τ ¼ λSP= 1– 1− λSP=Pð Þ2
h i1=2� �

ð1Þ

The first Talbot revival is located at 4.36 μm. Higher orders of
Talbot revivals are formed at nτ where n is an integer number
starting from 2. The propagation length for this wavelength is

Fig. 1 Schematic 2D sketch of
the proposed groove array
structure. Geometrical parameters
are indicated in the picture
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36 μm indicating that at least eight orders of revivals can be
formed without any significant loss in light intensity.
Practically, the propagation lengths can be dramatically im-
proved by considering higher wavelengths. Figure 3a shows
the light intensity along the line C located at the center of a
groove. First and higher orders of Talbot revivals, Talbot dis-
tance, periodicity of Talbot carpet, and full width in half

maxim (FWHM) are benchmarked on the curve. FWHM is
about 3.36 μm, which is bigger than half of the Talbot dis-
tance. The wavy nature on the curves might be attributed to
diffraction effect. R-square is a criterion of wave deviation
from an ideal periodic function. It is a direct output result in
fitting tool box in MATLAB, when Fourier fitting type is
utilized. R-square of the intensity profile along line C is

Fig. 2 Talbot images are created
under the metallic layer in
magnetic field spectrum. Lines A
and B stand for paraxial and non-
paraxial Talbot distance location
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obtained 95%. The more the curve is coincident with the pe-
riodic behavior, the better the Talbot carpet is (in the ideal case
where there is no fluctuation, R-square is 100%).

Two other parameters to describe revivals’ quality are the
size (along x direction at the first revival) and the contrast. (1)
Size is calculated according to the following method: the peak
intensity and the minimum intensity of the valley adjacent to
the peak along x direction at the Talbot distance are drawn.
Then, middle intensity between peak and minimum intensity
is drawn as shown in Fig. 3b, the width cut out by this line on
the intensity contour gives the revival size which is 750 nm,
bigger than actual groove width. The closer the size to actual
groove size is, the better the revival is. (2) Contrast is defined
as the difference between peak and minimum on light inten-
sity contour along the Z direction over the peak value multi-
plied by 100 that is obtained 90.68%. Since the light intensity
is entirely space-dependent, the contrast is considered for the
first revival. For an ideal Talbot carpet, the FWHM should be
small, but the contrast and the R-square should be large. The
gap is a critical parameter that can either block or permit SP
tunneling. Figure 4 shows how light intensity changes with
increasing the gap; however, the Talbot distance does not
change. From Fig. 4a, it can be seen even though the curves
have different intensities the shape of curves including the
wideness and fluctuations does not change resulting in iden-
tical R-square and FWHM. It was expected that the gap only
affects the amount of SP tunneling. The contrast variation is
shown in the left inset of Fig. 4 in which h = 15 nm has the
best performance. But the light intensity drops rapidly which
is shown in the right inset of Fig. 4. The intensity is normal-
ized with the maximum intensity which is related to h =

5 nm in our simulation data. The light intensity variation
along the line A located on Talbot distance is represented in
Fig. 5. Light intensity dropped sharply, while the revival
size is enhanced smoothly as shown in the inset of Fig. 5.
Our results show that better images are achieved when the
gap is narrow; however, it is impractical to fabricate such
deep grooves. It seems that h between 15 and 20 nm has
good compromise between fabrication limits and intensity
loss. Moreover, we realized for silver thickness within the
range of 50~300 nm, the film thickness variation does not
have considerable effect on Talbot contour, demonstrating
that any film thickness within this range produces similar
Talbot contour. In our work, the film thickness is fixed at
150 nm.

Discussion on Geometrical Parameters

The Bopening^ ratio α = d/P is another parameter that should
be investigated in more details. However, it is correlated to
another parameter: γ = P/λ. Previously, Hua et al. demonstrat-
ed the criteria of γ for nanohole array [28]. In similar way, we
can obtain an effective working range for groove array. Three
different situations can be imagined:

(a) P, λ: fixed, α: variable

Here, we considered a fixed wavelength and period
while α is variable. Variation on α was achieved by chang-
ing d to tune the groove and step thicknesses. We fixed P
and λ values as before and altered α from 0.2 to 0.7. We

0 5 10 15
0

100

200

300

400

500

600

700

800

Li
gh

t I
nt

en
sit

y 
(a

.u
)

Z (μm)

10 20 30
89

89.5

90

90.5

91

h (nm)

C
on

tr
as

t (
%

)

5 10 15 20 25
0.2

0.4

0.6

0.8

h (nm)

N
or

m
al

iz
ed

 In
te

ns
ity

(a)

(c)(b)

by
5nm
steps

h=30nm

h=5nm

Fig. 4 Light intensity versus gap
thickness. (b) Contrast and (c)
Normalized peak intensity versus
gap thickness

2390 Plasmonics (2018) 13:2387–2394



ignored both higher and lower values of α because the fact
that such values result in ultra-thin slits and ultra-thin steps;
that is impractical from fabrication point of view. The re-
sults are shown in Figs. 6 and 7.

At higher values of α, intensity and R-square drop very
steadily. At smaller α value, despite larger intensity, minima
happens at considerably high intensities, whichmake the spots
unclear with smaller R-square values. From Fig. 7, it can be
seen that for α located between 0.5 and 0.58, R-square is
nearly constant and stable, where we call it Bworking range.^
Due to inaccuracy during fabrications, introducing range in-
stead of values for α can decrease the fabrication obstacles.

(b) λ: fixed, P: variable

In this situation, we set wavelength as before and let the
period to be swept for wide range from P = λ to P = 3 λ.
Ideally, it is required that for each P, the simulation run to find
the best value of α. However, for the purpose of avoiding
protracted simulation time and thereby saving memory, we ran-
domly selected some periods and swept α to find the best work-
ing range. We observed that, for each period, the optimized
value of α was still within the range of 0.5 to 0.58 as indicated
in Fig. 7. Consequently, we fixed the value of α as 0.54 for the
entire period range. For the R-square less than 90%, the Talbot
image is damaged, so we considered γs that their R-square is
greater than 90%. Three different regimes are recognized:

γ ≤ 1.25 and ≥ 2: Talbot image was not formed.

Fig. 6 Light intensity variation
along Talbot distance for various
opening ratios
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1.25 < γ < 1.7, 1.95 < γ < 2: Talbot image was formed but
R-square is less than 90% or Talbot distance does not fit with
non-paraxial predictions.

1.7 < γ < 1.95: Talbot image was formed and agrees quite
well with non-paraxial predictions. We name the third regime
as the working zone.

(c) λ and P: variable

In this case, we still fix α at 0.54. For each wavelength, in
certain periods, Talbot revivals are formed. We considered
some wavelengths within visible range, similar to situation
(b), for each wavelength three regimes are introduced, for
γ ≤ 1.25 and ≥ 2, our results showed Talbot image does not
appear again. However, for the range between these values,
Talbot image created and we achieved similar result as part
(b), but the working zone is within 1.63 to 1.95 as shown in
Fig. 8. To generalize our result, by mixing the working range

of unit b and c, the suitable working zone for any wavelength
within visible range is determined between 1.7 and 1.95.
Simply speaking, for each wavelength appropriate period
and groove width could be simply derived through their work-
ing zone values.

Furthermore, when we considered very longer periods, it
was found that for γ > 5, some revivals appeared but the
Talbot carpet was not clear. However, by considering a max-
imum value for revivals, their location was obtained in coin-
cidence with paraxial Talbot distance. It should be noted that
at large periods both paraxial and non-paraxial approaches
give identical results.

Finally, it was found, if finite groove array is replaced by
infinite array, 13 grooves are needed to observe the first reviv-
al. In addition, to have two successive revivals raw, 19
grooves are needed. Figure 9 shows a finite array with 21
grooves, at higher revivals; due to boundaries, only self-
images located at the central area are formed, which confirms
the focusing nature of groove array that will be studied in our
future work on nanofocusing.

Summary

In conclusion, we have observed Talbot effect in a metallic
groove arrays by adopting FEM method. For gaps with
thickness less than penetration depth, SPs tunneled through
the gap and under the metallic layer, and due to interfer-
ence, create Talbot revivals. The Talbot distances can be
determined through non-paraxial formula. FWHM, R-
square, size, and contrast are introduced and calculated.

Fig. 7 R-square versus opening ratios
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Influence of geometrical parameters variation on formation
of Talbot images was analyzed. We introduced two appli-
cable opening ratio parameters at three different regimes.
For near-infrared wavelength range, the opening ratio should
be considered between 0.5 and 0.58. Meantime, period to
wavelength should be considered within 1.7 and 1.95. Our
results can offer an improved understanding of SPs nature. It
will also offer additional advantages of groove array-based
structures for a wide range of applications including high-
resolution imaging, Talbot image-assisted applications and
nanolithography.
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