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Plasmonic lenses are based on complex combinations of nanoscale high aspect ratio slits. We show that their design can be greatly
simplified, keeping similar performance while releasing technological constraints. The simplified system, called Huygens lens, consists in a
central aperture surrounded by several identical single mode slits in a thin gold layer that does not rely anymore on surface plasmons. The
focusing behaviour with respect to the position and number of slits is investigated, and we demonstrate the interest of this design to get

compact array of lenses.
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1 INTRODUCTION

The development of integrated compact optical sensors re-
quires the miniaturization of lenses at a mesoscopic scale[1].
However the downsizing of conventional dielectric-based op-
tical devices leads to an increase of the curvature and the
thickness of the object, thus giving rise to fabrication issues.
Also, these lenses must be aligned and hold mechanically
which results in a spatial limitation in the miniaturization of
global optical system. In order to improve compactness and
sturdiness of such systems, other alternatives implying pla-
nar lenses placed directly on top of the sensing device have
been suggested [2]. In particular, plasmonic lenses (PL) have
been extensively studied since 2005 [3]-[7]. In these lenses,
phase delays allowing the constructive interference at the fo-
cal area are made of two terms. The first term stems from
the transmission throughout the slit, which depends on the
width of the slit. This is due to the effective refractive index
associated to the guided mode inside the slits, which results
from the coupling of surface plasmons propagating along the
slit walls, and depends on its width [3, 8]. The second term
is driven by the position of the slit relative to the structur-
ing axis according to the light path difference. Thus, an ar-
ray of subwavelength slits of different widths in a planar
metallic layer can be tailored to induce a lens-shaped phase
modulation.

Getting a phase shift over the [0 — 27t] range requires nar-
row and high aspect ratio slits, but as the technological con-
straints determine the minimal slit width, the maximum avail-
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able phase shift is limited. Moreover, the index of the guided
mode is highly sensitive to width variations, underlining the
need to engrave these slits with high precision [8]. Therefore,
the realization of such PL, which requires etching an array
of heterogeneous high aspect ratio (defined as the ratio of
height over width) slits while keeping nanometric precision,
seems to be hardly achievable. Even for more realistic PL de-
signs [9, 10], the tolerance on slit width remains a critical pa-
rameter. In contrast, other designs based also on plasmonics
like nano-hole quasi-periodic array [11], or rather on diffrac-
tion effects like super-oscillatory lenses [12] or Fresnel zone
plates, have been suggested. Fresnel zone plates are used ei-
ther to focus in-plane surface plasmons [13, 14] or visible light
[15]-[17]. However, they have always been demonstrated
with a high number of zones, which could be a drawback
against the miniaturization of systems and their integration
in detector arrays.

In this letter, we show that the combination of a central aper-
ture engraved in a thin metallic layer, and surrounded by sev-
eral identical single mode slits leads to similar light focusing
as in PL while dramatically releasing the technological con-
straints. Moreover, we show that a 3-slits structure allows to
reach numerical aperture in the range of 1 to 3 while keeping
a nearly constant efficiency, which is a step toward more com-
pact devices. We call this system a Huygens lens (HL). The
influence of the number of lateral slits as well as their position
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FIG. 1 Design for 3 um focal length of the (a) previously PL based on phase gradient [18] and (d) the HL structure based on central aperture surrounded by single mode slits.
The thickness of the gold layer is respectively 450 and 100 nm surrounded by air. (b,e) Simulated electric field intensity map and (c,f) the related transverse profile at the focal

point respectively for structure shown in (a) and (d). (g) Layout of the structure and the relevant geometric parameters.

relative to the central aperture on the focusing HL properties
are investigated.

2 HUYGENS LENS DESCRIPTION

We consider a 2D-system, made of rectangular apertures en-
graved in a metallic layer along the x-direction, as represented
in Figure 1(g). First, the width of the central aperture defines
the focal length F. The solution of the Helmholtz equation in

the central aperture is the Hankel function H(()l) [19]. Then, the
Rayleigh-Sommerfield integral of Hankel function for a rect-
angular aperture of width Dy along x leads to:

_ D3

F=_—.
3A

)
Let us emphasize that this formula holds for a cylindrical con-
figuration and has been confirmed by exact rigorous electro-
magnetic computations. It slightly differs from the spherical
case [18]. Secondly, several pairs of adjacent slits are added, in
order to produce constructive interferences at the desired fo-
cal point. This addition also increases the lens aperture, thus
improving the sharpness and the contrast of the focal spot.
Considering the case of a symmetrical cylindrical lens under
normal incidence illumination, the distance D; between the
two slits forming the i pair as drawn in Figure 1(g) must
be set in order to have constructive interferences between the
light exiting from the slits and the central aperture at the de-

sired focal F. Therefore, the phase shift A® must be:

27
Ap =T (F—p) =2N7 @)
where p; is the distance between the i’ slits and the focal spot

and N is a positive integer. Thus D; can be expressed as:

D; =2(F+ NA) cos <arcsin (ﬁ)) (3)

The HL design consists in an identical internal phase delay
term for the central aperture and all slits, and it is no longer
based on the phase modulation due to plasmonic behaviors.
The gold is used only as an opaque optical medium wherein
slits are engraved, thus only needing a gold layer thickness of
a few skin depths (~100 nm in the visible domain).

As reference, we choose the PL designed by Yu et al. repre-
sented in Figure 1(a) [18], which focuses a normal incident
transverse magnetic (TM) plane wave at A = 650 nm at a
focal length of 3 um. The electric field intensity map and its
transverse profile at the focal point are shown in Figure 1(b)
and 1(c). The simulations were performed with COMSOL
software [20], using €, = —12.9 + 1.2i for the gold permittiv-
ity [21] and the scattering boundaries conditions. As we can
see, the focal spot is sharp and well contrasted. The thickness
of the gold layer is fixed at 450 nm, thus the phase delays are
controlled by varying both the width and the position of the
slits. This process leads to a 53-slit structure with aspect ratios
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of up to 37 which are hardly achievable. A much simpler
HL was designed with the same focal length as shown in
Figure 1(d). It consists in a 2.8 um central slit engraved in a
100 nm gold layer, surrounded by 3 pairs of 300 nm wide slits
filled with air. The corresponding electric field intensity map
and its transverse profile at the focal point are plotted in Fig-
ures 1(e) and 1(f). Approximately 52% of the energy incident
on the lens aperture is transmitted in the TM polarisation
state, which corresponds to the geometrical aperture of the
HL. It is comparable to the transmission of 67% obtained for
the plasmonic lens. Comparison with Figures 1(b) and 1(c)
points out similarities in the focusing behaviour. The focal
length and spot area have closely the same value and shape
respectively, however contrast is slightly lower in the HL
design. Thus with a much simpler and realistic design, HL
presents focusing properties comparable to those of a PL.

3 INFLUENCE OF D; ON LIGHT
FOCUSING

The electric field intensity map is plotted in Figure 2(a) for
a single aperture of width Dy = 3.2 um, with an incident
TM-polarized light at A = 650 nm. It produces a diffraction
spot with a large depth of field, in the z-range of 4 to 8 um de-
fined as the distance where the intensity value is above 90 %
of the maximum intensity. Inside this spot the phase value
is nearly constant and appears to be a free parameter. The
position of single mode slits fixes it and therefore influences
the focal length of HL. Indeed in Figures 2(b)-(e), the electric
field intensity map is plotted when one pair of external single
mode slits is added to the aperture Dy, for various values
of D; (resp. 42, 4.8, 5.4 and 6 um). The addition of one pair
of single mode slits appears to both increase the aperture
of lens and reduce the depth of field of focal spot, defined
by the longitudinal full width at half maximum (FWHM) of
the electric field intensity |E|?. It allows to select a specific
focal point inside the range given by the central aperture
depending on the value of D;. Moreover, as can be seen,
the intensity at the focal spot remains at the same level
when Dj is changed. The ability to tune the focal length at a
micrometrical scale by only changing D; demonstrates the
robustness of the design relatively to the position of external
slits. These results still hold when considering other values
of Dy. Indeed, the Figure 2(f) shows the focal length ranges
obtained for Dy values between A/2 and 15A. For each value
of Dy, Dy is tuned from Dy + w to 2Dy. The inset of Figure 2(f)
shows the focusing for a HL with Dy = %/\ and D; = 3A.
There is still a well defined focal spot close to the diffraction
limit.

4 INFLUENCE OF THE NUMBER OF
EXTERNAL SLITS

These results remain valid for a HL with additional external
slits, and we now investigate how the focusing behavior of
HL can be further improved in this case. Three to seven slits
structures are considered, with the distances D; calculated fol-
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FIG. 2 (a) Electric field intensity map at A = 650 nm for a central aperture alone,
having a fixed width of Dy = 3.2 um and a gold thickness of 100 nm. (b-e) Electric
field intensity map of the previous central aperture surrounded by one pair of external
300 nm wide slits for respectively 4.2, 4.8, 5.4 and 6 um external diameter Dy value.
(f) The yellow area gives the focal length ranges attainable as a function of the central
aperture width Dy, with D7 values taken in a range from Dy + w to 2Dy. The inset

shows the electric field intensity map for a HL with Dy = 2A and D; = 3A.

lowing Eq. (3) in order to get a 5 um focal length HL, as il-
lustrated on the left of Figures 3(a)-(c). The focal spot area is
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FIG. 3 (a-c) Electric field intensity map at A = 650 nm for HL with respectively 3, 5 and
7-slits structure in a 100 nm thick gold layer illuminated by an unitary incident inten-
sity. On the left are shown the considered structures. On the right, the corresponding
transverse profiles of the intensity normalized by E2,,, taken along z = 5 um are
shown. (d) Spot area as a function of the lens aperture D normalized by 2F for

various values of F.

calculated from the transversal and longitudinal FWHM con-
sidering the approximation of an ellipsoidal shape. The quan-
titative improvement of the focusing figures is shown in the
electric field intensity map in Figures 3(a)-(c). The larger the
lens aperture, the smaller the focal spot area. Figure 3(d) illus-
trates the evolution of the spot area as a function of the nor-
malized lens aperture D /2F for various focal length values. It
clearly shows that the enhancement stops when the number of
slits leads to a total aperture larger than 2F. For this optimum

situation, the spot area is A2 compared to the spot area greater
than 30 A? obtained with the central aperture alone. In that
case, 6.7% of the energy incoming on the HL is focused. Even-
tually, on the right-hand side of the figures, the correspond-
ing transverse profiles of the intensity normalized by |Eax|?
taken along z = 5um are shown. We see that the side lobes
intensities are five times lower than the focal spot.

5 PERIODIC ARRAY OF HUYGENS LENSES

The identical single mode slits surrounding the central
aperture in HL design could be used to improve the com-
pactness of an array of lenses. In order to illustrate this,
the intensity map of a periodic 3-slits HL (Figure 4(a)) has
been plotted in Figure 4(b) on three periods. The dimen-
sions of the HL are the same as the aperiodic 3-slits HL
shown in Figure 3(a) repeated with a period A = 6.46 um
(Floquet periodic conditions have been implemented in
COMSOL). The periodic HL has roughly the same focusing
behavior as the aperiodic one, but the focal length is slightly
shifted to F = 5.3 um and the spot area is smaller. The
transverse profile of the normalized electric field is plotted
at the focal length in the periodic (red continuous curve)
and aperiodic (green dashed curve) cases in Figure 4(c). The
focal spot has a higher intensity and a smaller transversal
FWHM in the periodic case. In fact, in the periodic lens, the
slits of the neighboring lenses also contribute to the focusing.
This means that a (2N + 1)-slits periodic lens has a similar
behavior to a (4N + 1)-slits aperiodic HL, where N can be
a half integer. The transverse profile of the 5-slits aperiodic
HL is also plotted in 4(c) (blue dashed curve), and confirms
that the peak intensity and FWHM are very close to the
3-slits periodic case. In summary, the periodicity of HL allows
to reduce the aperture needed to achieve given focusing
performances.

6 CONCLUSION

We have proposed the HL design that consists in an identi-
cal internal phase delay term for all slits. Therefore very nar-
row slits are no longer needed to produce high phase mod-
ulations. These outcomes strongly release the technological
constraints, in particular aspect ratios of designed HL can
be very low (typically ~1) and keep good focusing proper-
ties. The HL represents an alternative design to PL in or-
der to make planar lens with a more achievable fabrication.
HL with a fixed or variable focal length can be designed fol-
lowing a set of simple analytical equations. Furthermore, an
asymmetric distribution of the slits can also be considered.
This study paves the way to the conception of structures
with more complex functionalities while keeping a viable
technology.
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FIG. 4 (a) Periodic 3-slits HL design, with a period of A = 6.46 um. (b) Normalized electric field intensity map of the previous design at A = 650 nm shown on three periods.
(c) Transverse profile of the intensity normalized by the maximum intensity in the periodic case taken at the focal point for the periodic array (red continuous curve) compared

with the transverse profiles obtained with aperiodic 3-slits HL (green dashed curve) and s-slits HL (blue dashed curve).
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