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Abstract: The anomalous beaming effect of the periodic
metallic corrugations functioning as a special case of
kg, = 2n/A is discussed and verified by means of both theo-
retical calculation and experimental probing. A metalens
is designed on the basis of the special case. Unlike the
conventional beaming of convergence or divergence, the
metalens can realize beam collimating, which is useful for
practical applications. As a typical application example of
the metalens, we integrate the metalens together with a
vertical cavity surface emission laser (VCSEL) on the top
surface of the aperture area. Our experimental results
demonstrate that the integrated metalens is capable of
suppressing the divergence angle of the VCSEL for colli-
mation use.
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1 Introduction

Since Ritchie’s pioneering work was reported in the 1950s
[1], with rapid development of nanotechnology, surface
plasmon polaritons (SPPs) propagating along a metal/
dielectric interface became a hot research topic. Extra-
ordinary enhanced transmission through subwavelength
metallic structures such as slits and holes have been
reported by numerous researchers in the last decade
[2-15]. One of the typical works is the presentation regard-
ing the control of beaming through the subwavelength
metallic slits reported by Yu et al. in Ref. [16-18]. In their
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discussion, they confirmed that convergence and diver-
gence of the beaming after the slits are determined by the
relationship between the wave vector k , and item of 21t/ A,
where A is the period of the corrugated structure on metal
film, as shown in Figure 1A-C. The former can be real-
ized in the case of kg, > 2n/A and the latter for the reverse
case, k , < 2n/A. However, the authors did not mention the
special case of k., =2n/A. How about the beaming effect in
the special case? Can it realize beam collimation or not?
It is a question of much concern for relevant research-
ers. In order to answer this question, we put forth the
research topic of the metallic slit-based structures for the
special case of k_,=2n/A under this background. First, we
perform theoretical study on the basis of numerical cal-
culation. To experimentally verify the beaming effect, we
report an application example: apply the designed plas-
monic structure (for simplification, we called it “metal-
ens” hereinafter) onto a vertical cavity surface emission
laser (VCSEL). The metallic structure is directly fabricated
on the emission aperture of the VCSEL so as to compress
the divergence angle of the laser beam and realize inte-
gration between the VCSEL and metallic structure as well.
Our experimental results demonstrate that the divergent
laser beam can be directly compressed to be a nearly col-
limated beam through the caped metalens.

2 Theoretical background and
design of metalens

It is well known that the following condition needs to be
satisfied for the purpose of exciting SPP waves through a
subwavelength corrugated periodic metallic structure.

. 27
kg, =n k, sin6+ mx, (1)

where, n, is the refractive index of the incident medium,
normally, air; k, is the wave vector of the incident beam;
0 is the incident angle; and m is an integer (m=0, 1, 2,
3...). For the special case of k,, =2r/A, it is only applicable
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Figure 1: Schematic diagram of beaming effect through subwavelength metallic slits for the three cases of (A) ki, >2n/A, (B) k,,<2r/A, and
(Q k,=2m/A.

Different beam control such as divergence and convergence can be realized in the different cases.
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Figure 2: E-field intensity distribution of the metalens in free space.

It shows beaming effect of the designed metallic structure at near field for the special case of k,,=2m/A at vertical planes of x-z and y-z,
respectively.
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Figure 3: E-field intensity distribution of the metalens in free space.

It shows beaming effect of the designed metallic structure at far field for the special case of k,,=2mn/A at vertical planes of x-z and y-z,
respectively. Interference between the collimated emitting beam and SPP waves occurs in free space. This is the reason why some focusing
spots are observed at some intervals instead of a conventional continuously distributed collimated beam in the far-field of micron scale

distance. The interference will disappear in the region of millimeter scale because intensity of the SPP wave decays to be zero already in this
region.

when the incident angle 6=0° and m=1. Our metalens is thin film of 200 nm in thickness with surface gratings on
designed based on this consideration. the exiting plane (see Figure 1). The corrugation period

The beaming structure discussed here is composed of used for the design is 980 nm with a duty cycle of 1:1. Con-
a subwavelength aperture (300 nm in diameter) in a gold sidering the application issue, the working wavelength
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Figure 4: Two-dimensional E-field intensity profiles of the metalens
along different propagation distances of z=10 nm, 5 um and 75 um
in both (A) x-axis and (B) y-axis.

of 980 nm is set in the finite domain and time difference
(FDTD) (FDTD Solution software: Lumerical Solutions
Inc., Vancouver, Canada) algorithm-based simulation.
The PML boundary condition is applied in the FDTD
simulation with meshing size of 2 nm in the x-, y-, and
z-directions. Figure 2 is the beaming effect of the designed
metalens at near field for the special case of kg, =2m/A in
vertical planes of x-z and y-z, respectively. It can be seen
that neither beam divergence nor convergence is observed
in the near-field intensity distribution. To further check
the beaming effect, we calculated the corresponding
intensity distribution in the far-field region, as shown in
Figure 3. As can be seen, the beam spot size is nearly the
same along the propagation distance of several microns,
which is close to emitting surface, to as far as the distance

DE GRUYTER

of z=80 um (they are also quantitatively evidenced in
Figure 4 below). In order to compare the beaming size, we
calculated the two-dimensional intensity profiles along
the x- and y-axis in both the near- and far-field regions,
as shown in Figure 4A and B. It can be seen that the beam
sitting at full width half maximum (FWHM) is unchanged
in the far field along the propagation distance ranging
from z=5 pm to z=75 um. However, FWHM is slightly
large along the y-axis in the near field (see Figure 4B)
compared to that of the far field due to the excited SPPs
wave (linear y-polarization of the incident beam), which
mixes together with the propagation beam in free space.
The energy portion of the SPPs wave, ISPP/ISPP+Iﬁeez4O%
for the wavelength of 980 nm (see Figure 17 in Ref. [19]).
However, FWHM is apparently larger than that of the
y-axis along the x-axis because of no SPP confinement
along this direction. Therefore, we can answer the previ-
ous question now on the basis of the calculation results.
A collimation beam can be obtained in the special case of
k,,=2n/A. The discovery is quite useful for a lot of prac-
tical applications such as MOEMS, endoscopy, micro-
total analyzing systems (uTAS), and light detection and
ranging (LIDAR) systems.

3 Experimental setup and typical
application

The VCSEL chip was fabricated outside the company
using the standard process. VCSEL is a type of impor-
tant semiconductor laser with unique features of circular
output beam and testing on wafer level due to the surface
emission. Therefore, integration together with a VCSEL
on wafer level is more convenient, which is important
for miniaturization of the micro-optical systems, for
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Figure 5: Schematic diagram of integration of VCSEL and the metallic
structure, which is directly caped onto the emitting aperture of VCSEL.
Working wavelength of the VCSEL is 980 nm.
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Figure 6: FIB Fabrication results of (A) SEM micrograph of the VCSEL array on wafer before integration, (B) zoom-in picture of a single VCSEL
before integration, (C) after integration of the metalens through FIB milling.
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Figure 7: Experimental setup for (A) beam profile measurement of the metalensed VCSEL; (B) probing the lens.
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Figure 8: Probing results with injection current of 3 mA, far-field
angle (half divergence angle) measured by a PicoScope oscilloscope
beam scanner, the angles calculated in terms of incline angle of the
lines are 0.4° and 18° with and without the integrated metalens,
respectively.

example, integration of photonic crystals [20], micro-
diffraction lens [21], and radial slits integrated with a
VCSEL for polarization modulation [22]. Fabrication of
VCSEL is mature in the industry. The detailed fabrica-
tion procedures are reported in Ref. [23]. The dimension
of the metalens matches the aperture size of the VCSEL.
This feature makes the metalens a good candidate for the
purpose of integration and beam correction. Considering
this, we put forth a scheme of an integration between the
metalens and VCSEL.

To experimentally verify the beaming effect, as an
application example, we apply the designed metalens
onto a VCSEL, as shown in Figure 5. Theoretically, the
divergent VCSEL beam can be compressed greatly by
the metalens. The working wavelength of the VCSEL is
980 nm. Before focused ion beam (FIB) machining, the
apertures of the VCSEL are coated with an Au thin film
of 200 nm in thickness using photolithographic tech-
nique, as shown in Figure 6A and B. Then, the metalens is
directly fabricated using FIB direct milling on the Au film,
as shown in Figure 6C. An experimental setup is built for
the purpose of testing the performance of the integrated
VCSEL and beaming effect after passing through the met-
alens, as shown in Figure 7A. In this figure, the 3D stage 2
functions as precisely controlling the working distance
between the scan head detector and the metalens for the
purpose of calculating the divergence angle of the emit-
ting beam. The system can collect the data from the free
space of the metalens. A MATLAB (Mathworks Inc., USA)
program is written so as to directly plot the I-V curve using
the collected data in the computer. Beam profile and
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Figure 9: Comparison of characteristics of the VCSELs with and
without the metalenses.

(A) P-I curves before and after the integration. (B) I-V curves before
and after the integration.

FWHM can be known from the beam profiler (PicoScope
oscilloscope: Pico Technology, Cambridgeshire, UK). The
current is injected through the two metal probes, as shown
in Figure 7B.

To evaluate the performance of the integrated VCSEL,
we measured the beam spot size in the far field first, as
shown in Figure 8. It can be seen that the far-field angle
(half divergence angle) measured by a PicoScope oscillo-
scope beam scanner is calculated in terms of the beam spot
size and the corresponding interval distances are 0.2° and
9° with and without the integrated metalens, respectively.
To further evaluate the VCSEL performance, we tested
the P-I and I-V curves before and after the integration, as
shown in Figure 9A and B. As can be seen, the power of
the metalensed VCSEL linearly increases with increasing
injection current. For the I-V curve, it is approximately lin-
early increasing when the injection current is larger than
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1 mA. The calculated Q factor of the integrated VCSEL is
5780. The results demonstrate that the metalensed VCSEL
is capable of emitting a collimation beam in the far-field
region. It is promising for the miniaturization of some
optical systems such as LIDAR system and endoscopy.

4 Summary

In summary, an anomalous beaming effect of the periodic
metallic corrugations for a special case of k_,=2n/A is
analyzed and verified by means of both theoretical calcu-
lation and experimental probing. The design results show
that the metalens can realize the beaming of collimation
in a far-field region. As a typical application example, the
designed metalens is integrated together with a VCSEL on
the top surface of the emitting aperture. The full beaming
angles calculated on the basis of the beam spot sizes
measured in the far-field region are 0.4° and 18° with and
without the integrated metalens, respectively. Further
performance testing results of the P-I and I-V curves dem-
onstrate that the metalensed VCSEL is applicable for prac-
tical use.
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