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Arbitrary focusing lens by holographic metasurface
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In this paper, an ultrathin metalens has been proposed based on a holographic metasurface that consists of elon-
gated apertures in 40 nm gold film, which exhibit intriguing properties such as on- and off-axis focusing and also
can concentrate light into multiple, discrete spots for circularly polarized incident lights. First, the spatial trans-
mission phase distributions of the designed metalens with arbitrary focusing can be obtained by computer-
generated holography. Then, the discrete phase distributions can be continuously encoded by subwavelength
nanoapertures with spatially varying orientations in gold film. The simulation results show that our designed
metalens can work efficiently for different types of focusing. Finally, our metasurface shows superior broadband
characteristics between 670 and 810 nm, and the corresponding focal lengths of the designed lenses also can be
efficiently modulated with the incident lights at different wavelengths. © 2015 Chinese Laser Press
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1. INTRODUCTION

With the advent of the metasurface, wide applications have
been proposed, such as creating optical vortex beams [1], cou-
pling propagating waves to surface waves [2], creating ultra-
thin circular polarization analyzers [3], fabricating phase
holograms [4], designing continuous metasurfaces [5,6], and
so forth. Among all the applications of metasurfaces, one
intriguing development is the plasmonic metalens for concen-
trating light, with miniature and ultrathin characteristics,
which has recently attracted strong interest. As we know, the
convergence of an optical beam in a traditional, refraction-
based lens depends on the phase modulation via gradual
phase changes accumulated along the optical paths, which
is limited by the refractive index of a dielectric. Fabrication
challenges are also paramount, as it is difficult to make lenses
with a large aperture and a short focal length. By using the
Fresnel lens design, the mass and volume of material can
be reduced, but the thickness of the lens is still on the wave-
length scale.

However, advances in the area of metasurfaces have
opened up a new era for building miniature planar lenses,
which are known as the metalens, because an abrupt phase
change over the scale of the wavelength has been recently dis-
covered by using a metasurface. A plethora of lenses based on
ametasurface have been recently developed with the ability to
focus light in 2D [7-9] or 3D space [10-13] following the equal
optical path principle [11,12]:
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where ¢(x,y) is the phase shift imposed in every point on the
flat lens, n is an arbitrary integer, A is the incident wavelength
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in free space, and f is the given focal length. Notably, the
phase of a metalens designed by this method is discrete.
Especially, for 2D focusing, the metalens, such as the cylindri-
cal lens previously demonstrated, only manipulated the light
along one direction owing to one-directional phase variation,
resulting in image distortion of an arbitrary object due to the
different magnifications along two directions. Although 3D
focusing has been proposed, which can resolve this
problem, these designs suffer from only a single focusing spot
or the spot that resides in the optical axis of the lens.
Furthermore, a dual-polarity plasmonic metalens [8,14] at
the visible and near-infrared range also have been proposed,
which demonstrate the positive lens for the right circularly
polarized (RCP) incident light and the negative lens for the
left circularly polarized (LCP) incident light and vice versa.
Nevertheless, these designs also focus incident light into a sin-
gle spot. Thus, it remains a challenge to focus the light into
arbitrary spots or multiple spots by metasurface.

In this paper, we have proposed an ultrathin planar
metalens constructed by nanoapertures in gold film. The met-
alenses not only exhibit on-axis focusing but off-axis focusing
and multiple spot focusing for normal incidence, which are
designed based on holographic metasurface [15] at the wave-
length of 740 nm. The designing approach of our metalens
combines the computer-generated holography (CGH) method
and the metasurface: an appropriate transmitting phase distri-
butions of the lens with different focusing characters can be
obtained by CGH; then, the obtained phase distributions can
be continuously expressed and modulated by subwavelength
nanoapertures with spatially varying orientations in gold film.
Moreover, the robustness of our metasurface also has been
numerically demonstrated.

© 2015 Chinese Laser Press
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2. DESIGNS

For our demonstration, the holographic metasurface contains
33 x 33 pixels with a lattice constant of 300 nm, which re-
present unique optical focusing profiles. Furthermore, each
pixel consists of an aperture with a determined orientation
angle of 6 along the x direction, which is fabricated in the gold
film with the thickness of 40 nm, and the aperture dimension
is 150 nm x 75 nm. The transmitted lights for the circularly po-
larized light incidence to the aperture can be decomposed into
two circular polarization components, with one component
possessing the same helicity as the incident light and a phase
that does not depend on the orientation of the aperture, and
the other with opposite helicity (cross polarization) to the in-
cident light and a phase (Pancharatnam-Berry phase) [16,17]
that is twice the orientation angle of the aperture. Therefore,
an arbitrary phase simply can be achieved by controlling the
orientation angles of the apertures, which greatly eases the
encoding procedure of phase-only metalens. Here we have as-
sumed that the phase deviations from the coupling effects of
the neighboring nano-aperture is negligible [18]. Particularly,
such phase discontinuity is geometric in nature and does not
rely on the incident wavelength, which leads to the robustness
of our metalens. The schematic of the metalens structure and
focusing procedure are illustrated in Fig. 1. The metalens will
provide a desired phase to obtain the corresponding focusing
profiles.

In order to realize various focusing patterns (on-/off-axis
and multiple focusing), the corresponding phase distributions
of the transmission lights can be determined by the CGH
method [19] by using MATLAB. After obtaining the concrete
phase patterns, the corresponding holographic metasurfaces
can be achieved by using the orientational aperture array,
which is modulated according to the relationship between the
phase and aperture orientation. Each pixel of the holographic
metasurface only contains a single subwavelength nanoaper-
ture whose orientation encodes the desired local phase profile
for an incident LCP light. It should be noted that the pixel size
along each direction is less than half of the wavelength, ensur-
ing that the hologram pattern is sampled at least at twice the
maximum spatial frequency in either direction, thereby satis-
fying the Shannon-Nyquist sampling theorem [18].

The holographic metasurfaces are designed at the wave-
length of 740 nm for all of the metalenses here. The simulated
result in Fig. 2 shows the amplitude for the transmitting

Fig. 1. Schematic of holographic metasurface and focusing pro-
cedure. For LCP light incidence, the transmitting cross-polarized light
(RCP) is focused into various points.
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Fig. 2. Tlustration of efficiency for one-pixel cell structure by
numerical simulation. Amplitude as a function of wavelength.

cross-polarization (RCP) light for LCP normal incidence,
and the transmitted amplitude can reach to 36% for the
incident light with the wavelength of 740 nm. Although the
efficiency goes down fast around 740 nm, the focusing perfor-
mance is still acceptable for the transmitting metalens com-
posed of metasurface structures. We define the wavelength
range over the shadowed region (670-810 nm), which corre-
sponds to the FWHM of the amplitude’s transmitted effi-
ciency. Furthermore, the broadband characteristics of the
designed metalens have also been investigated in detail in
the following simulations. All of the simulation results are
obtained by the FDTD method.

3. RESULTS AND DISCUSSION

As depicted in Fig. 3, the first holographic metasurface is
designed to focus incident light into a single spot along the
optical axis for LCP normal incidence at the wavelength of
740 nm. Figure 3(a) demonstrates that the designed metalens
based on the hologram method can be exploited for creating a
unique 3D optical profile. The intensity here is defined as
|Eross|?. It is a cross-polarized component that contributes
to the focusing spot, which agrees well with our previous
analysis. The desired phase pattern for the on-axis focusing,
which can be obtained by CGH method, is illustrated in
Fig. 3(b). The encoded aperture distribution can be obtained
according to the corresponding phase pattern [Fig. 3(b)], as
depicted in Fig. 3(c). Furthermore, the phase pattern is similar
to the one achieved by lattice evolution algorithm (LEA) [20]
or derived from the equal optical path principle, which also
can verify our approach to be feasible.

As described earlier, a distinct advantage of our holo-
graphic metasurface, beyond previous designs using the equal
optical path principle, is the ability to simply produce a large
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Fig. 3. Transmitted RCP light is focused into a single spot.
(a) Intensity distributions in the focal plane for LCP incidence at the
wavelength of 740 nm. (b) Phase pattern of single spot. (¢) Encoded
aperture distribution according to the phase pattern in (b).
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Fig. 4. Focusing performance of the holographic metasurface.
(a) and (c) Intensity distributions of the single and two off-axis focus-
ing in the focal planes, respectively. (b) and (d) Corresponding phase
patterns.

range of different 3D optical profiles. As a proof-of-concept,
we design various metalenses that can focus light into a single
off-axis point or multiple points, which are distinct from pre-
vious works based on metasurfaces [10]. The simulated
results on the single off-axis focusing can be observed in
Fig. 4(a), where the intensity distribution is shown in 3D space
in the focal plane. The corresponding phase pattern for off-
axis focusing is depicted in Fig. 4(b). It is expected that the
focusing spot can be located in an arbitrary position of 3D
space by using a proper phase pattern and encoding with
the metasurface structural array, which have a promising ap-
plication prospect in the integrated optics. Furthermore, the
two off-axis focusing spots also have been implemented and
realized based on holographic metasurfaces, as shown in
Figs. 4(c) and 4(d).

To demonstrate the multiple focusing abilities of the metal-
ens, the holographic metasurfaces are designed to concen-
trate the incident beam into four spaced spots and eight
spaced spots, respectively, which exhibit strong focusing
capability compared with those of the previous works. The
intensity distribution of four focusing spots is located in the
symmetric position with nearly the same intensity, as shown
in Fig. 5(a), for LCP normal incidence. Furthermore, Fig. 5(b)
shows that the designed holographic metasurface can concen-
trate the incident light to more arbitrary distinct locations
(eight spots here). In this case, the eight focusing spots are
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Fig. 5. Multiple spot focusing performance of the holographic meta-
surface. (a) Intensity distributions of four spots focusing at the focal
plane (z = 4200 nm). (b) Eight spot focusing performance.
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Fig. 6. (a) and (c) Intensity distribution of single focusing spot at the
focal plane for the incidence wavelength of 670 and 810 nm. (b) and
(d) Corresponding lateral view in xoz plane.

in a circular structure without the central spot. We find that
some differences in the intensity distributions of the gener-
ated eight focusing spots, which can be attributed to the scale
limitation of the simulated region because of the limited com-
puting ability in our group. We can expect a perfect focusing
pattern for the more complicated multiple focusing if the
simulated region is effectively enlarged. In addition, our holo-
graphic metasurfaces for arbitrary focusing are only phase-
dependent, whereas the corresponding amplitudes are not
controlled and modulated accordingly, which may also intro-
duce some errors. Although the intensity distributions of the
generated multiple focusing spots have some blemishes, we
also can imagine that the arbitrary focusing ability of the de-
signed holographic metasurface should have great potential in
various applications in integrated optics, such as orbital angu-
lar momentum-based optical communication systems, special
Dammann gratings, and so forth.

To further demonstrate the robustness of our metalens (for
investigating the broadband characteristics), various wave-
lengths (670-810 nm) of the LCP lights are vertically incident
to the holographic metasurface designed at 740 nm for single-
spot focusing without loss of generality (easy to observe the
various focal lengths). As depicted in Figs. 6(a) and 6(c),
under normal incidence of LCP light, a single focusing spot
is observed for the wavelengths of 670 and 810 nm, respec-
tively, and the lateral view of intensity distributions in the
xoz plane are shown in Figs. 6(b) and 6(d), respectively. The
focal lengths are 4200 nm for the wavelength of 670 and
2900 nm for the wavelength of 810 nm respectively, as illus-
trated in Figs. 6(b) and 6(d), which is different for the focal
length of 4000 nm when the incident wavelength is 740 nm.
It is foreseeable that the focal length will decrease with gradu-
ally increasing the incident wavelength. Furthermore, the
focal length can be modulated by changing the incident wave-
lengths. On the other hand, the simulation results also
demonstrate the superior broadband characteristics of our
metasurface in the range of 670-810 nm, which can be attrib-
uted to the fact that the phase control by the directions of the
elongated apertures is geometric in nature and does not rely
on the incident wavelengths.
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4. CONCLUSION

In summary, in this work a new type of planar holographic
metasurface designed for simple and sophisticated focusing
is proposed and numerically investigated at the wavelength
of 740 nm. The approach combines the CGH method with a
Pancharatnam-Berry phase, which is simple to achieve in the
desired phase pattern and to realize the continuous encoding
phase by the directions of the elongated apertures. The
simulation results demonstrate that our approach is accurate
and credible for designing metalenses. Different types of
focusing behaviors, including single or multiple on-/off-axis
focusing, have been realized in high quality. Furthermore,
our metalens show superior broadband characteristics, and
the focal length of the designed metalens also can be modu-
lated by changing the incident wavelength.
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