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Integrated devices that emit light beams with orbital
angular momentum (OAM) are becoming key components
for wide-ranging applications. Here, we propose and
demonstrate a highly directional silicon photonic vortex
beam emitter based on a 3-turn Archimedean spiral
adiabatic waveguide integrated with an angular grating.
Such compact emitter is capable of generating vortex
beams with small divergence angles and high directivity.
Various order OAM modes can be selectively generated by
the emitter at different wavelength with side-mode
suppression ratio as large as 13.6 dB. © 2016 Optical
Society of America

OCIS codes: (050.4865) Optical vortices; (130.3120) Integrated optics
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Over the past two decades, there has been a growing interest in
orbital angular momentum (OAM) of light, which is carried by
vortex beams possessing helical phase fronts described by an
azimuthally dependent phase factor exp(if¢ ), where ¢ is the
topological charge [1]. The transfer of OAM from vortex beams
induces rotations in optically trapped dielectric particles, thus it is
an effective tool in many applications related to optical
manipulation [2,3]. OAM is also being used as a multiplexing
approach to increase the capacity of data transmission in both free-
space and optical fiber communication systems [4,5]. Recently,
several photonic integrated OAM devices have been demonstrated,
including a photonic circuit with concentric ring-grooves [6], a
micro-ring resonator with angular grating [7], a photonic phased
array [8], a GaAs-based ring-shaped Bragg reflector waveguide [9],
and a micro OAM laser [10]. For the micro-ring emitter
demonstrated in our previous work [7], the principle of operation is
to couple the confined whispering gallery mode of the micro-ring
resonator to a free-space propagated OAM mode using a second

order Bragg grating. In the far-field, the intensity profile of the
emitted beam is a series of concentric annuli [see Fig. 2(a)], which is
the interference pattern generated by the scattered field of each
grating element [11]. This profile makes it difficult to fully collect
and utilize the emitted energy, e. g, the coupling of the beam into an
OAM fiber is not very efficient [12,13]. To overcome this limitation,
we propose and demonstrate an improved emitter based on a
multi-turn Archimedean spiral waveguide that emits high
directivity and low divergence vortex beams.

The Archimedean spiral is a widely used structure in the design
of high-directional microwave antennae [14], which has also been
applied in photonics, such as in optical antennae [15], OAM
generation [16] and sub-wavelength grating lenses [17]. In the
design presented in this letter, the Archimedean spiral replaces the
closed cavity of the micro-ring, enabling the spatial modulation of
the source in the radial direction, in order to concentrate the
emitted power into a ring of stronger intensity with far less
pronounced side lobes. This principle is similar to the approach
used for generating the so-called perfect vortex beam [18], which is
usually realized by adding a radial modulation function to the
conventional phase mask implemented with spatial light modulator
[19,20].

As shown in Fig. 1, the highly directional vortex beam emitter
consists of an input waveguide (I), a 3-turn Archimedean spiral
adiabatic waveguide with angular gratings for radiating vortex
beams (II) and an extended Archimedean spiral adiabatic inversed
taper for the dissipation of remaining light (III). The width of the
spiral waveguide is tapered along the azimuthal direction to
increase the effective refractive index of the fundamental TE mode
so that the angular velocity of the light is constant. Grating elements
are embedded in the inner sidewall of the waveguide with equal
angular intervals. In polar coordinates (r,¢) , a normal
Archimedean spiral can be described as
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Fig. 1. (a) Structure of the proposed 3-turning Archimedean spiral
vortex beam emitter consisting of (I) an input waveguide, (II) 3-turning
Archimedean spiral adiabatic waveguide with angular grating embeded
in the inner sidewall and (III) an extended Archimedean spiral adiabatic
inverse taper. Part of the input light from (I) will be radiated to free-
space propagating optical vortex by (II), and the rest of un-radiated light
in waveguide will be guided to substrate layer by (III). (b) Simulated and
calculated effective refraction index of the fundamental TE mode at a
wavelength of 1550 nm (blue curve) and the waveguide width of the 3-
turning Archimedean spiral versus angle (red curve). (c) Optical
micrographs of the fabricated device.

where the parameter r;, controls the starting position of the spiral
and A is the distance between successive turns. The spiral emitter
was designed to operate at a wavelength 1,=1550 nm, and r, was
setto 30 um leaving ample space for the multi-turn spiral. A was set
to 1.2 pm to ensure low coupling between adjacent spiral
waveguide turns. For a 3-turn spiral device, ¢ ranges from 0 to 67..
To generate uniform vortex beam, the phase of the fundamental TE
mode should change linearly in the azimuthal direction as below
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where f = i—: Mg is the propagation constant of light in the spiral

waveguide, 1 ¢ ¢ is the effective refractive index of the mode, Sis the
length of the spiral curve and p is the azimuthal phase change
constant (phase shift per unitazimuthal angle). Accordingto Eq. (2),
the light in the waveguide has to be slowed down to keep a constant
rate of phase change as the path shortens along the azimuthal
direction in the inner turns. Therefore, the effective index , nqgf
should increase linearly with ¢, which can be realized by varying
the size of the waveguide. We use the finite difference eigenmode
(FDE) method to calculate the n¢f as a function of the waveguide
width and bending radius, and then the correct width variation was
calculated based on the path [Eq. (1)] and the phase changing
condition [Eq. (2)]. As shown in Fig. 1(b), a linear increase of the
effective index from 2.25 to 2.55 (blue curve) corresponds to a
waveguide width increase from 408 nm to 586 nm (red curve) as a
function of the angle. To form second-order grating, the angular
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Fig. 2. Simulated radiation pattern when ¢ = 0. (a) Top view of the far-
field distribution from a single ring emitters with R=3.9 um, and (b) the
corresponding radiation pattern. (c) Radiation pattern for a single ring
with R=30 um, and (d) for the 3-turn Archimedean spiral emitter. Due
to the circular symmetry, the radiation pattern from 0 to 90 deg is
sufficient to illustrate the radiation behavior of the different devices.

interval of the gratings is set to 1.3 degree, so that the number of
grating elements per turn, g, is 276. As the phase of the confined TEo
mode varies linearly with the angle, the azimuthal phase change
constant of the beam scattered by the angular grating is

Vo =P 4 (3)

where q is the number of grating elements in one turn [16]. Eq. (3)
indicates that the emission is a helical phase beam with an
azimuthal component of the wave vector with topological charge
£ = p — q.Forafabricated device, the value of £ can be adjusted by
injecting light at different wavelengths. Due to the lack of resonance
(as opposed to the case of micro-rings), there is no round-trip phase
constraint, thus the wave number, p, and the corresponding
topological charge of the emitted vortex beam, ¢, could be a non-
integer value. It means that this device is capable of generating
fractional OAM beams, which can be decomposed into the
superposition of integer OAM modes [21]. These fractional 0AM
states have found applications in quantum information processing
[22] as well as edge-sensitive microscopy [23].

The compact micro-ring emitter in Ref. [7] produces cylindrical
vector Bessel (CVB) modes in the far-field, with all the components
having amplitudes proportional to the £th-order Bessel function of
the firstkind or to its first derivative [11]. The diffraction angle of all

i A i
orders can be deduced as 8/ = tan™*(y} x %), where y; is the

ith extreme point of the £th-order Bessel function and R the radius
of the micro-ring. For each order vortex beam, the diffraction angle
is mainly dependent on the micro-ring radius and can be reduced
by anincrease of the radius. Fig. 2 shows the radiation patterns from
different size emitters when £ = 0, which are calculated by a dipole
model described in Ref. [11]. To quantify the collimation in the
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Fig. 3. (a) Simulated power distribution in the main lobe (filled bar) and
within +30 degree diffraction cone (un-filled bar) from single ring
emitters with R = 3.9 um and R = 30 pm, and 3-turn and 5-turn
spiral emitters with starting radius of 30 um. (b) Calculated side-mode
suppression ratio SMSR (blue bar in dB) and OAM purity P (orange
polyline) over the +30-degree diffraction cone from 1-turn, 3-turn and
5-turn spiral emitters with the same starting radius of 30 pm

direction to the main lobe, we defined the radiation directivity as
), €)

where P, is the power in main lobe, 6, is the angle of the
diffraction cone of main lobe and P, is the total radiated power.
Comparing Fig. 2(b) with (c), clearly shows that the beam from
larger size devices has small diffraction angles. Indeed, 8, for the
single-ring device with R = 3.9 um [16] is about 15 degrees, while
forthe device with R = 30 um, thatequals the startingradius of the
Archimedean spiral emitter, the angle reduces significantly to 1.8
degrees. However, the number of side lobes increases with the
radius, resulting in a decrease of power in the main lobe [see Fig.
3(a)]. The calculated directivity for the device withR = 3.9 pm is -
2.3 dB and for device with R = 30 um is -1.9 dB i. e. increasing the
device size is unable to effectively improve the directivity. The 3-
turn spiral emitter benefits from the fact that the diffraction angle
varies with radius, ie. the far-fields of the 1t 2rd and 3™ turn
waveguide have slightly different diffraction angles, which, after
interfering with each other, produce a new distribution with energy
concentrated in a smaller diffraction cone [21]. Fig. 2(d) shows a
radiation pattern from the 3-turn spiral emitter, with some of the
side lobes being significantly suppressed, leading to an
improvementin directivity to be 5.3 dB. By adding more turns in the
spiral, the directivity can be further increased, e. g. 5-turn spiral
emitters have a more conspicuous main lobe compared with 3-turn
devices [see Fig. 3(a)] with a directivity of 7.9 dB, as the increase in
radial width of the source reduces the high spatial-frequency
components.

The quality of the vortex beam from spiral emitters could be
degraded due to the circular symmetry breaking. Fig. 3(b) shows
the calculated side-mode suppression ratio SMSR (the ratio of the
selected OAM mode to the side-mode with highest power) and 0AM
purity P (the power in desired OAM mode to the total radiated
power [24]) over a +30-degree diffraction cone. It can be seen that
the purity increases with the number of turns, since the effect of the
distorted phase distribution on the beam quality is weakened as the
intensity is more concentrated in a small region. In particular, for
the main lobes of the beams from those spiral devices, the 0AM
purity is as high as 99.96 % (SMSR > 36 dB).
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Fig. 4. (a) The interference patterns of the right-hand circularly
polarized components with £ + 1 spiral arms. These results were
achieved by filtering the emitted vortex through a polarization filter (a
quarter-wave plate with a linear polarizer) and beating with a linear
polarized Gaussian reference beam. (b) Maximum SMSRs as a function
of discrete wavelengths. (c) SMSRs-4 as a function of wavelength. (d)
Intensity distribution as a function of OAM index at 1529.2 nm, and the
SMSR-4 was calculated.

3-turn Archimedean spiral emitters were fabricated on a 220-nm
thick silicon-on-insulator (SOI) material, which was patterned by
electron beam lithography and reactive ion etching. Following the
procedure described in Ref. [7], we measured the topological charge
at different wavelengths by beating the emitted beam with a
Gaussian reference beam. The vector beam emitted from the
devices can be described as the superposition of two orthogonal
scalar OAM modes, which are a left-hand circularly polarized (LHCP)
beam with topological charge of £ — 1 and a right-hand circularly
polarized (RHCP) beam with topological charge of £+ 1,
respectively. Therefore, when the RHCP (LHCP) component of the
emitted vortex is made to interfere with a Gaussian beam, it
produces spiral intensity patterns with £ + 1 (£ — 1) arms. Fig. 4(a)
shows the interference patterns of the RHCP components, which
agree with the above discussion, and confirms that this device is
capable of generating vortex beams.

We further used the method described in Ref. [25] to examine the
purity of the generated OAM modes by measuring the side-mode
suppression ratio (SMSR,, subscript indicate the selected OAM
index) defined as the ratio of the selected OAM mode to the side-
mode with highest power. Fig. 4(b) presents the OAM spectrum of
the vortexbeam ata wavelength of A =1529.2 nm with SMSR4+=12
dB, which was measured by recording the on-axis intensity of a
series of spatial light modulator diffracted patterns while changing
the index of the loaded holographic folk gratings. In the same way,
SMSRs4 was measured as the wavelength was fined-tuned, as
shown in Fig. 4(c). Its value reaches a maximum at A_,=1529.2 nm
indicating a good quality vortex, and the 3-dB bandwidth is 0.5 nm.
Atboth shorter and longer wavelengths, e. g. 1529.8 nm, SMSRs.4 is
much reduced as the side-mode component (¢_; or #_5) is
increased, signifying the formation of fraction OAM modes. Fig. 4(d)
shows other maximum SMSRs as a discrete function of wavelength,
with values ranging from 7.6 to 13.6 dB. As the waveguide was
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Fig. 5. Intensity distributions of the beam from the 1-turn spiral emitter
(first column) and the 3-turn spiral emitter (second column) when ¢ =
0. The first row shows the near-fields and the second row shows far-
fields, which were measured using a near-infrared CCD. The third row
are the corresponding simulated far-field. White dotted lines are the
diffraction angle at 10-degree and 30-degree, respectively.

designed for a fixed wavelength of 1550 nm, dispersion can leads to
a nonlinear variation in phase at other wavelengths, so that the
purity of wavelength-dependent OAM was decreased, and it is more
serious at shorter wavelengths (or positive £ values).

The intensity distribution of the vortex beam generated by the
Archimedean spiral emitters is shown in Fig. 5. The patterns were
captured by a near-infrared CCD camera at the wavelength where
maximum SMSRo was measured. For comparison, 1-turn spiral
emitter, with the same starting radius as of the 3-turn emitter, was
fabricated and measured. From the first row in Fig. 5, it can be seen
that the near-field of a 3-turn device has a slightly larger radial width
than the one of 1-turn device. After propagating to far-field, as
shown in the second row in Fig. 5, the radiation intensity of the 3-
turn device is mostly concentrated within a 10-degree diffraction
cone. However, for the 1-turn device, there is clearly a large
intensity distribution outside the 10-degree cone, which is
consistent with the simulation results (see the third row in Fig. 5).
These results confirm that the directivity of the radiation from the
OAM device can be improved by adding a multi-turn waveguide.
The emission efficiency [7] of the 3-turn spiral emitter is ~3 %, since
the weak grating radiated less light power and most of input light
was guided to substrate through (II). The effciency can be
improved by introducing strong grating, more turns of spiral
waveuigudes and a metellic layer under the grating [26].

In conclusion, we proposed and demonstrated a vortex beam
emitter based on a 3-turn Archimedean spiral waveguide with
integrated angular gratings. By carefully designing the waveguide
width, the emitter is capable of generating vortex beams with high
OAM purity, and the OAM value can be adjusted by simply tuning
the wavelength of injected light. The radiation from the spiral
emitter has a small divergence angle and higher directivity

compared to a single ring emitter, which provides an option for
efficient OAM transmitters and receivers.
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