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Abstract: Bessel beams are of great potential applications in many fields due to their non-
diffraction and self-reconstruction. Here we firstly present a type of nonlinear meta-axicon to
generate second harmonic Bessel beams. The nonlinear meta-axicons are based on Au/WS;
hybrid nanostructures. Zero-order and first-order Bessel beams of second harmonic are generated
under exciting of 810 nm femtosecond laser. In addition, the performances of the nonlinear
meta-axicons, such as the second harmonic generation (SHG) efficiency, non-diffracting distance
and full width at half maximum (FWHM) are analyzed theoretically and experimentally. The
experimental results are consistent with the predicted, which can enable miniaturized nonlinear
optical devices related to generate nonlinear Bessel beams, having potential application in
nonlinear optical manipulation, imaging and tractor beams.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Bessel beams play a critical role in many optical applications due to their interesting properties
such as nondiffraction and self-reconstruction characteristics. Their transverse electrical intensity
distribution remained invariant during propagation in free space, which is useful for various
kinds of applications, including particle trapping, tractor beams, laser machine, and optical
communications. To generate Bessel beams, some methods like axicons, cascading lens,
metallic subwavelength metasurfaces have been used [1-6]. Among these methods, ultrathin
subwavelength metasurfaces have drawn much attention due to their outstanding advantages [7-8].
Subwavelength metasurfaces with spaced phase shifters have been used to control the optical
wavefront and propagation of light, leading to various compact optical components including
lenses, holograms, and polarization-selective devices [9—15]. Both metallic and dielectric
metasurface axicons have been reported to generate Bessel beam [16—18]. They have shown
prominent advantages, such as small size, high numerical aperture and strong trapping force.
Here we firstly present a type of nonlinear meta-axicon to generate second harmonic Bessel
beams, realizing the frequency conversion and optical modulation in one single nano-optical
device.

Nonlinear optics is the branch of optics which examines the light behavior in nonlinear
materials. The nonlinear optical materials play an important role in many photonics applications,
including photon generation, transmission, manipulation, and imaging [19-20]. Recently,
nonlinear metasurfaces have attract much attention due to their local field enhancement effects
at the nanoscale by surface plasmon excitation [21-22]. The nonlinearities of the nonlinear
metasurfaces with plasmonic structure are reported to be significantly enhanced. In many
reported nonlinear meta-surfaces, metal-based metasurfaces act as nonlinear signal generator
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and phase modulator simultaneously. However, their applications are limited due to low SHG
conversion efficiencies of metal materials (with y® ~pm/V) [23-24]. In order to improve
the nonlinear efficiencies of nonlinear metasurfaces, a type of hybrid nonlinear metasurfaces
has been proposed by coupling the plasmonic metasurfaces to materials with giant nonlinear
responses [25-28]. Here, we choose WS, monolayers as the nonlinear materials ( X(z),~nm/V)
[29-30]. Then we present a nonlinear meta-axicon based on WS,/Au hybrid structure to generate
zero-order and first-order Bessel beams of SHG. The performances of the nonlinear meta-axicons
are analyzed, such as the enhanced SHG responses, the non-diffracting distances and the FWHM
of the generated nonlinear Bessel beams. The experimental results are consistent with the
predicted results. These nonlinear meta-axicons have potential applications in nonlinear optical
manipulation, imaging and tractor beams.

2. Theory and design

The electrical intensity distribution of the Bessel beams propagating along the z axis can be
described in cylindrical coordinate by the following equation [17],

E(I‘, ¢’ Z) =A- exp(ikzz) : Jn(krr) : eXP(ii”¢) (1)

where A is the amplitude, k, and k; are the transverse and longitudinal wavevectors, respectively.
J,, is the Bessel function of the first kind, and n is the Bessel function order. For k, and k;, the

following equation is satisfied,
N+ k2 =k=2r/A (2)

where k is the wavevector, A is the wavelength.

From Eq. (1) we can see that the transverse electrical intensity profiles of Bessel beams are
independent of the z coordinate, indicating their non-diffracting characteristic. And higher-
ordered Bessel beams (n > 0) carry orbital momentum and have zero intensity along the z axis at
r=0.

Typical axicon is often used to generate zero-order Bessel beams, which is conically shaped
lens, by refracting all incident plane waves symmetrically towards the optical axis. Using
meta-axicons, the same goal can also be achieved. For instance, based on Pancharatnam-Berry
phase method, the meta-axicon to generate a zero-order Bessel beam at SHG wavelength requires
a phase profile ¥(r) of a phase gradient along r direction as the followed, [17]

2n ay
/lSHG sma dr ( )

where « is the refractive angle, Asy¢ is the wavelength of SHG. From the generalized Snell’s law
[31], we can predict that all light rays will be refracted with the same angle « at the wavelength
of SHG through this meta-axicon.

Here, we also can write the above condition as followed [32],

2
kspg - sina = —?ﬂ 4)

where I is the spatial period of the full rotation angle variation along r direction, ksyg is the
wavevector at SHG wavelength. In our experiments, we use the phase profile in Cartesian
coordinates as followed to generate SHG zero-order Bessel beam,

Y(x,y) =21 — 21/ Asug) - /x> +y* - 0.9 (5)

where x and y are the Cartesian coordinates of each nanohole on the metasurface, satisfying
the relationship of x> + y> = 2. Here, we choose Asy; wavelength at 405 nm. Then we obtain
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the corresponding phase distribution. In our metasurfaces, the phase profile is imparted by the
rotation of each gold nano-hole at a position (x, y) by an angle 6, which is defined as the angle
between the long-axis of the rectangular gold nanohole and x axis in the labor frame.

In addition, to generate a first-order Bessel beam, we use the phase profile as followed [17],

Y(x,y) =21 — 2r/Asug) X /x> +y> X 0.9 + ¢ 6)

where ¢=arctan (y/x) is the azimuthal phase. The phase profile undergoes rotation from 0 to 2w
through the azimuthal direction.

Figures 1(a) and 1(b) show schematic sketch of our nonlinear meta-axicon structure and the
generation of SHG Bessel beam through the nonlinear meta-axicon. The nonlinear meta-axicon
are composed of two components, one is the gold nanohole arrays. The other is the monolayer
WS, covering on the gold nanohole arrays. For the hybrid nonlinear meta-axicons, the phase
distribution of the emitted SH signal is modulated by designing the rectangular gold nanohole with
different oriental angle, 8, see Fig. 2(a). The gold nanohole is with length of 185 nm (L) and width
of 80 nm (W). The size of unit cell is 330 nm. R is the diameter of the nanoholes array region.
Under the exciting of the normal incident fundamental plane waves at 810 nm, a non-diffracting
SHG beam are generated through the nonlinear meta-axicon, with the non-diffracting distance of
Zmay and a refractive angle, .

Fundamental

beam A
Si0; ! Bessel beam of

Ws: —ﬁ -

-

<
Au hybrid meta- Z max
axicon

(a) (b)

Fig. 1. The schematic sketch of (a) the Au/WS, hybrid nonlinear meta-axicon and (b) the
generation of SHG Bessel beam through the nonlinear meta-axicon

In linear metasurfaces, the phase profile is imparted by the rotation of §. As we know, when a
left circular polarized (LCP) fundamental beam passes through the rectangular gold nanohole, the
transmitted fundamental beam with a right circular polarized (RCP) is delivered by a geometric
phase delay of 26. However, in our nonlinear metasurfaces, two incident fundamental photons
are with geometric phase of 26 after passing through the Au nanoholes. Therefore, through SHG
processing passing through the WS, monolayer, the output second harmonic photon is with the
geometric phase of 46 [32]. According to the above equations, we use the distribution of 46=
¥ in hm the hybrid metasurfaces to acquire SHG Bessel beams. The spatial period of the full
rotation angle variation, I, is set to be 0.889 um for our metasurfaces. Then we predict the
refractive angle @ of the nonlinear meta-axicon is 26.7°.
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Fig. 2. (a) The geometry of the unit cell of the designed Au metasurfaces. The size of
unit cell is 330 nm. The nanohole has length of L = 185 nm and width of W =80 nm, and
it rotates in the x-y plane with an orientation angle, 8. (c) The optical image of WS,/Au
hybrid metasurface. (b) and (d) SEM images of the Au nanohole arrays.

3. Experimental

The fabrication method of WS,-Au hybrid nonlinear meta-axicons has been described in detail
[28]. Firstly, a gold nanoholes array is obtained by focused ion beams method on gold thin films,
which has been deposited on quartz substrate by electron beam evaporation. The thickness of
the gold nanoholes array is 60 nm. Then we transfer WS, monolayers from sapphire substrates
onto the gold nanoholes array using polymethyl methacrylate (PMMA) film, with the help of an
optical microscope. Finally, the WS;-Au hybrid meta-axicons are obtained after removing the
PMMA film on WS,.

Figures 2(b) and 2(d) show scanning electron microscope images of the fabricated gold
nanoholes array. We can see the rectangular nanoholes with varied orientations. Figure 2(c)
exhibits the optical microscope image of WS,/gold nanoholes hybrid metasurface. From this
figure, we can see the gold nanohole array is fully covered by the WS, monolayer.

Figure 3 shows the schematic sketch of the imaging system, which is used to measure the
second harmonic (SH) signal profiles and the SHG spectra from the hybrid metasurfaces. In
this system, a mode-locked Ti-sapphire femtosecond laser (Vitara Coherent, 8 fs and 80 MHz,

—— Motorized actuator
Spectrame#er

White light BP QP

|

Lens

100X

Fig. 3. The schematic sketch of the experiment setup for the emitted second harmonic
signal profiles and the SHG spectra measurements.
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810 nm) is used as the fundamental beam source [33]. The incident laser becomes circular
polarized after passing through the polarizer (BP) and quarter-wave plate (QP). Then the circular
polarized beam irradiates on the nonlinear metasurfaces by a lens. Through the hybrid nonlinear
meta-axicon a non-diffracting Bessel beams at 405 nm are generated. The SHG emission from
the sample with opposite circular polarization is collected by an objective lens (Olympus, 100x
and 0.95 NA). The distance between the objective and the nonlinear metasurfaces is adjust by
a motorized actuator through moving the objective lens. Finally, the SHG signal is detected
by a complementary metal oxide semiconductor (CMOS) camera or a spectrometer (Princeton
Instruments Acton 2500i with Pixis CCD camera).

4. Results and discussion

To verify the efficiency of this hybrid nonlinear metasurfaces, we measured the SHG signal of the
hybrid nonlinear metasurfaces, the bare Au metasurfaces and the monolayer WS, under the same
experimental condition (the incident laser power is about 80 mW). We find that for the bare Au
metasurfaces, no SHG signal is detected. The SHG spectra obtained from the hybrid metasurface
and the WS, monolayer are compared in Fig. 4(a). We can observe peaks with center wavelength
of 405 nm, indicating much higher SHG efficiency than the bare gold metasurface. And the
SHG intensity of the hybrid metasurfaces is improved about 9 times than that of the bare WS,
monolayer due to the local field enhancement effects of SHG [34-35]. The SHG efficiencies
of the bare WS, monolayer and the hybrid metasurfaces are measured to be ~10~7 and ~1079,
respectively. To analyze this enhancement effect, the electric field distribution near the interface
between Au nanoholes and WS, monolayer is simulated using finite-difference time-domain
(FDTD) methods. In the simulated model of the metasurfaces, the size of the unit cell and the
gold nanohole are the same with our fabricated samples. The thickness of the gold film and the
SiO; substrate is 60 nm and 100 nm, respectively. Considering the influences of the orientation
of the hole, the absorption spectra and the electric distribution of two units with different oriental
holes are simulated. One is with §=45°. The other is with §=0°. Figure 4(b) show the simulated
absorption spectra, with incident circular polarized plane wave. The dashed curve is the measured
spectra with the gold nanoholes array under the illumination of a non-polarized white light. It can
be seen that the absorption peaks obtained in simulation locate near the peaks measured. We can
see the surface plasmon resonance located near 810 nm for the two units, which benefit for the
enhancement of SHG. And a slight difference of the transmittance is observed between the two
units, indicating a slight influence of the holes direction on the transmitted power of fundamental
light. The electric field distributions in the transmitted wave are examined for a normally incident
wave at 810 nm. And the incident electric field intensity is set to be 1. Figures 4(c) and 4(d) show
the corresponding simulated electric field distribution at 810 nm for the two units with different
oriental holes with 6=45° and 6=0°, respectively. The electric field intensity distribution is
monitored in xy plane at the interface of Au and air. In the figures we can see enhanced electric
field (E?) near the Au/air interface in both units. These results are consistent with the predicted.
To compare the enhancement effect of different holes with different orientation, we calculate
the averaged enhancement factor of E? in the region near the holes (a concentric square region
with side length of 200 nm). The averaged enhancement factors of E? are 9.3 and 8.1 for the
nanoholes with 6=0° and 6=45°, respectively. So small differences of the enhancement effects is
obtained between the two units, which will induce small differences of SHG intensity near the
different oriented holes excited by circular polarized light.

The SHG zero-order Bessel beams through two hybrid meta-axicons with R=15 ym and
R =20 um are measured. The electric field distributions in the transmitted wave are examined
for a normally incident wave at 810 nm. The SHG images at the different planes from O to 50
um along the z-axis are captured. The intensity distribution on xz plane of the two nonlinear
metasurfaces are shown in Figs. 5(a) and 5(b), respectively. We can see the non-diffracting
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Fig. 4. (a) SHG enhancement in the hybrid metalens. Comparison of the SHG spectra of
WS,/Au hybrid metasurface and the bare WS, monolayer. (b) The simulated absorption
spectra of the unit cell structure with different oriental nano-holes of 6=0° and 6=45°, excited
by circularly polarized fundamental beams. The dashed curve is the measured spectra with
the nanoholes array. (c) and (d) The simulated electric field distribution on the intersurface
of Au and air, for nanoholes of #=0° and 6=45°, respectively. Excited by 810 nm plane wave.

propagated beams along z direction. It is worth noting that an ideal Bessel beam should be
generated from an infinitely large lens, which is impossible to be implemented practically. So the
non-diffracting distance is limited.

According to the geometric optics, we can know that the propagation distance of the SHG
Bessel beam can be obtained by the following formula [17],

R
Zmax = —— @)
tan

In our experiments, the angle ¢ is 26.7°, so we can get the theoretical value of Z,,x is 29 pm and
39 pm for the two nonlinear meta-axicons with R = 15 ym and R =20 um, respectively. From
Figs. 5(a) and 5(b), we can obtain the experimental results of the Z,x are about 31 um and 40
um, respectively. The experimental results is close to the theoretical values. A larger propagation
distance of Bessel beam could also be generated, by using a bigger metasurface.

Figure 6(a) shows the intensity distribution in xy cut planes at the distance of z =28 um.
We can see in the plane, the light power are constrained mostly at the center spot whereas the
side lobes are much weaker, which is an obvious characteristic of the zero-order Bessel beam.
Figure 6(b) shows the corresponding intensity distribution along y axis in the plane. From this
figure, we clearly observe the Bessel-like distribution in the transverse direction, in which the
curve is fitted by the first kind Bessel function well. The above measured results demonstrate that
spatial zero-order Bessel beams of SHG are generated by the hybrid nonlinear metasurface.

The full width at half maximum (FWHM) of the zero-order Bessel beam is defined as the
waist. According to the references, FWHM of zero-order Bessel beam can be calculated by the
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Fig. 5. Electric field intensity profile in xz plane of SHG for the zero-order Bessel beam
hybrid metasurfaces with (a) R =15 um and (b) R =20 pm, respectively.
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Fig. 6. (a) SHG intensity distributions in the xy plane at z=28um. (b) The SHG intensity
distribution along x = 0 in the xy plane. The dotted curve is the results of Bessel function
fitting.
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followed equation [17],

().35.8/1511@ ®)
sin @

We calculate the FWHM of the zero-order nonlinear Bessel beam by the above formula. It is 319

nm. From Fig. 6(b) we can see the FWHM of the zero-order nonlinear meta-axicon is about 330

nm, close to the theoretical value. The difference of FWHM between the calculated results and

the experimental results is mostly attributed to the limit of the imaging system resolution and the
errors induced in the measurement operation.

FWHM =
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The nonlinear metasurface with R =20 um to generate nonlinear first-order Bessel beam is also
fabricated. Figures 7(a) and 7(b) show the longitudinal and transverse SHG intensity distribution
obtained with the nonlinear first-order Bessel beam generator. Unlike the zero-order Bessel
beam, the first-order Bessel beam has a ring-like magnitude distribution. The first-order beam is
non-diffracting until a certain distance. It can be seen that the most of the power is contained in
the main lobe whereas the side lobes are sufficiently weaker. However, we can see that the ring is
not perfect, and some bright spots occurred in the ring. We attribute this un-uniform magnitude
distribution mainly to the space-variant polarization states.

X(um)

5 10 15 20 25
z(pum)
Min

4 2

2 -

- E
5 i
> -2 Max 3
. E

4 -2 0

X (um)

2 4

Fig. 7. (a) Electric field intensity profile in xz plane of SHG for the first-order Bessel beam
hybrid metasurface with R =20 pm. (b) SHG intensity distributions in the xy plane at z =25
um. (c¢) The SHG intensity distribution along x =0 in the xy plane. The dotted curve is the
results of Bessel function fitting.

Though the obtained SHG Bessel profiles for the first-order Bessel beam does not form perfect
ring, this is not the case for the zero-order Bessel beam. The reason is that the metasurface of zero-
order Bessel beam has only radial phase variations and is symmetrical, whereas the metasurface
for the first-order Bessel beam has variations in both the radial and azimuthal directions. In fact,
due to the real spatially varying intensity of Ex and Ey of the incident light, the Bessel beams are
not homogeneously polarized, which also can be observed in linear Bessel beams [17-18]. And
compared with the linear Bessel meta-axicon, the un-uniform distribution of SHG Bessel beam is
even more seriously due to the second order effects. Furthermore, for different oriented holes, the
space-variant polarization states will induce un-uniform enhancement effects of SHG, which will
exacerbate un-uniform distribution of the magnitude. According to the results of Fig. 4, the local
field enhancement of unit cells with different oriented nanoholes are not the same. So differences
of the enhancement effects can influence the intensity distribution of SHG even under the ideal



Research Article Vol. 28, No. 3/3 February 2020/ Optics Express 3187 |

Optics EXPRESS i NN

circular polarized light excitation, which can contribute to the non-uniform field distributions
along the angle direction. Finally, the defects and the misalignment of the nanoholes introduced
in the fabrication lead to more seriously un-uniform magnitude distribution.

The transverse intensity distribution along y axis is shown in Fig. 7(c). We can see the curve is
fitted by first-order Bessel function well. The FWHM for the first-order Bessel beam is defined
as twice the distance from the center dark spot to the closest point on the ring at the half of the
maximum intensity. The theoretical FWHM can be calculated by the followed equation [17],

FwHM = L2216 ©)
sina

Then the FWHM can be calculated to be 260 nm. From Fig. 7, we can see the experimental value
of FWHM of the first-order Bessel beam is about 250 nm, which is close to the theoretical value.
The agreement between the experimental and theoretical results demonstrates the new type of
nonlinear hybrid meta-axicon is able to realize miniaturized nonlinear optical devices related
to generate Bessel beams, which have potential application in nonlinear optical manipulation,
imaging and tractor beams.

5. Conclusion

In conclusion, we present a type of nonlinear meta-axicon to generate SHG Bessel beams. The
nonlinear metasurfaces are consistent of a gold metasurface coupled to a monolayer WS,. The
hybrid nonlinear meta-axicon can realize modulation of electronic field and frequency conversion
simultaneously. Zero-order and first-order Bessel beams of second harmonic are generated.
The non-diffracting distance and FWHM of the second harmonic Bessel beams are analyzed
theoretically and experimentally. The experimental results are close to the theory predicted
results, realizing of miniaturized nonlinear meta-axicons, which have potential applications in
nonlinear optical manipulation, imaging and tractor beams.
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