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Vector Vortex Beam Emitter Embedded in a Photonic Chip
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Vector vortex beams simultaneously carrying spin and orbital angular momentum of light promise
additional degrees of freedom for modern optics and emerging resources for both classical and quantum
information technologies. The inherently infinite dimensions can be exploited to enhance data capacity for
sustaining the unprecedented growth in big data and internet traffic and can be encoded to build quantum
computing machines in high-dimensional Hilbert space. So far, much progress has been made in the
emission of vector vortex beams from a chip surface into free space; however, the generation of vector
vortex beams inside a photonic chip has not been realized yet. Here, we demonstrate the first vector vortex
beam emitter embedded in a photonic chip by using femtosecond laser direct writing. We achieve a
conversion of vector vortex beams with an efficiency up to 30% and scalar vortex beams with an efficiency
up to 74% from Gaussian beams. We also present an expanded coupled-mode model for understanding the
mode conversion and the influence of the imperfection in fabrication. The fashion of embedded generation
makes vector vortex beams directly ready for further transmission, manipulation, and emission without any
additional interconnection. Together with the ability to be integrated as an array, our results may enable
vector vortex beams to become accessible inside a photonic chip for high-capacity communication and
high-dimensional quantum information processing.
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Light can carry both spin and orbital angular momentum
(OAM). Spin angular momentum is associated with optical
polarization, which is one of the most prominent and well-
known properties of light. OAM is an emerging degree of
freedom, which has helical wavefronts described by an
azimuthal phase term ¢? [1] (¢ is the azimuthal angle in a
cylindrical coordinate system). The topological charge
can take any integer value represented by the number of
crossed spiral wavefronts when rotating around the axis
once. Because of the unlimited topological charges and the
inherent orthogonality, OAM can provide larger alphabets
for classical information [2-4] and quantum information
processing (QIP) [5-11].

Recently, there has been an increasing interest in vector
vortex light beams, with a polarization varying along the
azimuthal coordinate and a central optical singularity. Such
beams exhibit some unique characteristics such as field
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structure, phase singularity, and rotation invariance [12].
Vector vortex beams have been applied to wide areas
including microscopy [13], optical trapping [14], precision
measurement [15], quantum communication [12,16], and
QIP [17-21].

Large-scale applications beyond proof-of-principle dem-
onstrations require developing integrated techniques to en-
able the generation [22-26], transmission [27], and even
processing of vector vortex beams on a photonic chip. Several
pioneering works have demonstrated on-chip generation
vector vortex beams with integrated microring resonators
[22,23,25,26]. While the emission of vector vortex beams
from the surface of integrated devices to free space has been
widely investigated, generation and transmission inside a
photonic chip remain to be realized and very challenging.

In this Letter, we demonstrate a direct generation of
vector vortex beams inside a photonic chip based on mode
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coupling. By using a femtosecond laser direct writing
technique [28-30], we construct a coupled structure con-
sisting of a single-mode waveguide and a doughnut-shaped
waveguide. Gaussian beams in the single-mode waveguide
evanescently couple to the adjacent OAM waveguide and
convert into vector vortex beams according to our coupled-
mode model. In addition, we present an integrated array of
such emitters and a robust generation of multiple vector
vortex beams in the presence of a fluctuation of the writing
laser energy.

The prerequisite of generating vector vortex beams
inside a photonic chip is that there exists a waveguide
supporting OAM modes. The required doughnut-shaped
waveguide faithfully mapping twisted light into and out of
a photonic chip has been recently achieved [27]. Going
beyond a straight doughnut-shaped waveguide and pres-
ervation of OAM modes, here we aim to design and
construct an asymmetric direction coupler consisting of a
standard single-mode waveguide and an OAM waveguide
in a photonic chip.

The generation of vector vortex fields in our experiment
can be understood by expanding the standard coupled-
mode theory [31,32] into the vortex-mode case (see
Supplemental Material, Sec. III [33-36]). This model is
equivalent to that in Refs. [37,38] but is more transparent in
physics. It has been widely used to study the mode coupling
between optical resonators [39,40] and waveguides [41].

In an ideally made direction coupler, the single-mode
(OAM) waveguide can be defined with its dielectric
constant distribution ¢, + ¢, (¢, + €,), where ¢, is the
dielectric constant of the substrate and ¢, (¢,) the wanted
change, symmetric around the z axis, induced by the
writing laser beam. Ideally, the modes in these two wave-
guides have the same propagation constant /3. Because of
the deviation of the laser energy from an axial symmetrical
profile, the single-mode (OAM) waveguide has birefrin-
gence due to perturbation Ae, (Ag,), which are tensors (see
Supplemental Material, Sec. III [33-36]). The envelope of
field in the chip can be expanded to the superposition of
eigenmodes as E =5, A, E$ + Y, B,E9*M, where A,
(B,) is the amplitude of the mth (nth) eigenmode E§
(E9AM) with propagation constant ¢ ($9AM) in the single-
mode (OAM) waveguide. EG can be ng, or Egv,. EQAM

can be EQ*M EQAM EOAM or EQAM with +#7 OAM. For
convenience, we have omitted the superscript G (OAM)
representing Gaussian (OAM) modes in the single-mode
(OAM) waveguide associated with subscript m (n) in the
following expressions.

Starting from Maxwell’s equations, we derive the general
coupled-mode equations (see Supplemental Material,
Sec. III [33-36])

A, ; ; _
]8—2 = A/}m’Am’ + Z hm,m’Am + ZKn,m’Bn’ (la)
’ m#m’ n

0B, = % A
azn = Aﬂn'Bn’ + Zhn,n’Bn + ZKm,n’Am’ (lb)
n#n' m

where AB,) =, —p+6, and AB, =, —p+6b,.
Ideally, ,» = p and B, = . Here, we neglect the Butt
couplings, because they are orders smaller than the shifts
and other couplings. The propagation constant shifts J,,
(6,v), the couplings h,, ,,; (h, /) between the eigenmodes in
the single-mode (OAM) waveguide, and the couplings x,, ,,
(k,,.v) between the waveguides are given by

J

k2 . -
oy =—2— [ E}- A Ae,) - Exdxdy, (2
X 2ﬂXNX/ X - (e, + Ag, + Ag,) - Exdxdy (2a)
B[ _
hY,X = m EX . (8[7 + A&'b + Aé‘a) . Ededy, (2b)

where [Ey-Eydxdy =Ny and {X,Y,p} = {m',m, b}
({X,Y,p} = {n,n,a}) for the single-mode (OAM) wave-
guide, and

K2 - .
Kyx = %—ONX/ Ex - (e, + Ae, + Aey) - Eydxdy,  (3)
where {X, Y, p} ={m',n,a} {X,Y, p} = {n',m,b}) and
ko is the propagation constant of light in free space.
Obviously, the birefringence resulting from Aeg, and Ag,
changes the propagation constant shifts and all coupling
coefficients.

Gaussian beams in the single-mode waveguide can be
evanescently coupled to the adjacent doughnut-shaped
waveguide and converted into vector vortex beams accord-
ing to our coupled-mode theory [see Fig. 1(a)]. However,
the complete modal conversion can happen only under
APy w = P — B = 0 [42]. Note that g,/ (B,/) is mode
dependent. Therefore, the phase matching condition
should be subject to exciting the specific order of vector
vortex beams. Instead of propagation constants f,, and
P, we choose more convenient effective refractive
index n. = f/k. In our experiment, we fix the size of
the single-mode waveguide and tune the effective refractive
index via changing the size of the OAM waveguide [42—
46]. The OAM waveguide structure with radius R is shown
in Fig. 1(b).

To find the optimal radius at which Gaussian modes are
phase matched with vortex modes, we calculate the
effective refractive indices for different orders of vortex
modes [42,46] [see Fig. 1(c)]. The phase matching graph
indicates that the OAM waveguide should be written with a
radius of around 3.5 yum (4.9 ym), which can match
Gaussian modes to generate first-order (second-order)
vortex modes. The calculated results are instructive; how-
ever, since the fabrication and coupling of two different
types of waveguides are involved and laser-matter inter-
action is quite complicated with many involved physical
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FIG. 1. Experimental principle of generating vortex modes in a photonic chip. (a) An asymmetric direction coupler consisting of a
standard single-mode waveguide and an OAM waveguide is employed to generate different order vortex beams based on phase
matching. The coupling spacing and coupling length are 15 ym and 4 mm, respectively. A Ti:sapphire oscillator centered at 780 nm is
divided into two beams by inserting a beam splitter. One of the Gaussian beams is utilized as the incident light to generate vector vortex
beams. The second one serves as the reference beam to measure the interference patterns with the generated vector vortex beam. A
translation stage is added to tune the phase for high-contrast interference fringes, and a CCD is used to record the patterns. The insets
show the cross-section images of a femtosecond laser-written asymmetric direction coupler. (b) Illustration of the OAM waveguide
structure. Twelve tracks constitute the annular structure with a radius R, and they are overlapped to form a continuous refractive index
distribution. The doughnut-shaped structure will consist of 13 waveguides when we apply an additional scan through the middle. (c) The
phase matching graph for the Gaussian modes and different order vortex modes. The black, red, and blue dotted lines correspond to
Gaussian modes and first-order and second-order vortex modes, respectively. The horizontal red dashed line shows the phase matching
for waveguides with different sizes to generate different order vortex beams.

processes [29,30], a detailed scan of the size of the OAM
waveguide near the estimated value is essential to achieve
an efficient mode conversion. Finally, we obtained high-
quality first-order and second-order vortex modes at R =~
3.7 ym and R ~ 5.0 um, respectively.

To analyze the evolution of field in the OAM waveguide,
we divide the asymmetric direction coupler into three seg-
ments: the input (0 <z <L;), coupling (L; <z< L+

L.,), and output (L, + L., < z < L) regions, where L is
the length of chip. In the input and output regions, the two
waveguides are uncoupled. However, due to the nonzero Ae,,
and Ag, the field changes during propagating in these
regions. The modes in two waveguides interact with each
other in the coupling region. The evolution of field can be
described by Eq. (1).

The incident Gaussian field can be written as E;,(0) =
AGX, (O)EGX, + AG),, (O)EG)_, . The field can be determined by

the input and the evolution matrix M (see Supplemental
Material, Sec. IV [33]), which is dependent on the structure
of the waveguides and is a function of AS,, Af, h, .
Ny wts Kppy» and k,, v (see Supplemental Material, Sec. III
[33-36]). The output field can also be expanded as the
superposmon of elgenmodes in the OAM waveguide as

E(L)=7.,E, +7. E, +7,E, +r, E, , with

~ T
Vx/ r AGX/ (O)
Ve, Ag, (0
= A O ot L MEL). @)
Yy, 0
Yy, 0
where E, =E, %% E, = e, M| (M,

M,,) describes the evolution of ﬁeld 1n the input (output,
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FIG. 2. Experimental results of generating first-order vortex
beams. Measured intensity distribution for right-circularly (left-
circularly, horizontally, vertically, diagonally, and antidiagonally)
polarized Gaussian beams and the corresponding intensity dis-
tributions after polarization analysis are shown in the first (second,
third, fourth, fifth, and sixth, respectively) row. The direction of
polarization projection is indicated by the arrows, and the spatial
polarization distribution is shown at the end of each row. The
resulting modes have different spatial polarization distributions for
different input polarized Gaussian beams, which suggests there
exists birefringence in the doughnut-shaped waveguide.

coupling, respectively) region, and 7 means the transpose
of a matrix.

When right-circularly polarized Gaussian beams incident
and evanescently couple into the OAM waveguide, a two-
lobe intensity distribution is obtained (see Fig. 2). After
projecting to horizontal and vertical polarization, the two-
lobe intensity distribution in the near-diagonal direction
suggests that y, E, =~jy, E. and y, E, =~jy E, .
Note that the intensity after antidiagonal polarization
projection is relatively small comparing with diagonal
polarization with an extinction ratio up to 10.2 dB observed
in the experiment. Obviously, this is a scalar light field with
diagonal polarization. The small component on the anti-
diagonal polarization means E(L) - e, ~ 0, so that 7y, Ey, =
Yx,E., (see Supplemental Material, Sec. IV [33]).

With an input of a left-circularly polarized Gaussian
beam, the generated vortex beam also exhibits a scalar light
field with antidiagonal polarization. Although the intensity
distribution is uneven, the two lobes near the antidiagonal

direction after respectively projecting to horizontal and
vertical polarization indicate that y, E, =~—jy, E, and
vy E,_, ~—jr,E,, . The intensity after diagonal polariza-
tion projection is relatively small comparing with anti-
diagonal polarization with an extinction ratio up to 9.6 dB.
The component with diagonal polarizationis E(L) - e, ~ 0,
meaning y, E, ~—y, E. (see Supplemental Material,
Sec. IV [33]).

When the asymmetric direction coupler is excited by
horizontally polarized Gaussian beams, we obtain good
circularly symmetric first-order vector vortex modes,
whose intensity distributions are annular with a dark core
in the center. Projecting the generated beam to different
polarizations with a polarizer, the two-lobe pattern is
formed and rotates with the polarizer, which implies
that it is a cylindrical vector vortex beam with radial
polarization [24,47,48]. This experimental result manifests
that yx—t’EX—t’ = yXfEXf’ yY—fEY—f = _y)’t’E)’f’ and y.Vnyf =
—J¥x,Ex, (see Supplemental Material, Sec. IV [33]).

Similarly, we generate a z-vector vortex beam [14,20] by
coupling a vertically polarized Gaussian beam into the
doughnut-shaped waveguide. Our polarization analysis
[48,49] indicates that the vector vortex mode is linearly
polarized at each local position but with a local polarization
direction changing between radial and azimuthal direction
(see Fig. 2). We also find that when injecting a diagonally
(antidiagonally) polarized Gaussian beam, the generated
mode shows an annular intensity distribution when pro-
jected to horizontal and vertical polarization, while it shows
a two-lobe intensity distribution when projected to a
diagonal and antidiagonal polarization. The resulting
modes have different spatial polarization distributions for
Gaussian beams with different input polarizations, which
suggests there exists birefringence in the doughnut-shaped
waveguide.

A variation of the coupling between the waveguides by
changing the energy of the writing laser have been observed
in Fig. 3, which can be reflected into a change in the
propagation constant. Our theory, in good agreement with
previous experiments [50,51], shows that this change is
linearly dependent on the energy variation of the writing
laser (see Supplemental Material, Sec. I [33,52,53]).

When we increase the pulse energy, the distribution of
optical axis has no substantial change (see Supplemental
Material, Sec. II [33]), and the conversion efficiency of
first-order vortex modes increases from 42.2% to 74.2%
[see Fig. 3(a)]. Meanwhile, the resulting modes become
pure scalar vortex modes. We can see that the generated
modes are all good vector vortex modes in a range of
writing pulse energy. We further perform a comprehensive
polarization analysis on the typical states (B, D, and F)
generated with different pulse energies [see Fig. 3(b)]. We
can observe a clear trend to single-polarization vortex
beams and a high extinction ratio at a high writing pulse
energy (F).
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FIG. 3. The evolution of resulting vortex modes when increasing the writing pulse energy. (a) Conversion efficiency and first-order

vortex modes versus the writing pulse energy. (b) The polarization analysis on the typical states B, D, and F. It is obvious that, when we
increase the pulse energy, the resulting beam changes from vector vortex to scalar vortex. (¢c) Conversion efficiency and second-order
vortex modes versus the writing pulse energy. (d) The polarization analysis on the typical states R, S, and 7. The direction of polarization

projection is indicated by the arrows.

By increasing the radius of the doughnut-shaped wave-
guide, we can tune the phase matching condition for
second-order vortex modes [see Fig. 3(c)]. We find that
there also exists a sweet spot of the writing pulse energy,
where second-order vector vortex beams can be well
observed and the conversion efficiency can be optimized
before apparently becoming a scalar vortex beam. Before
the efficiency reaches 33.9%, the polarization analysis on
R, S, and T reveals no distinct changes of polarization
distribution [see Fig. 3(d)].

To demonstrate the potential toward large-scale integra-
tion, we construct an array consisting of three such
asymmetric directional couplers as first-order and sec-
ond-order vector vortex beam emitters, respectively [see
Fig. 4(a)]. Owing to the complex physical process of
femtosecond laser micromachining, many parameters have
been found strongly affecting the resulting morphology

and, therefore, the characteristics of waveguides [30]. To
keep all the waveguides identical, we lock all the param-
eters of the laser, the translation stages, and the environ-
ment. We show that, even with an artificially introduced
fluctuation, about 1.465 nJ (0.4 nJ) in generating first-order
(second-order) vector vortex beams, we still can obtain
almost identical emission [see Figs. 4(b) and 4(c)]. The
expected clockwise or counterclockwise spiral interference
patterns clearly identify the ingredient of three output states
in first- and second-order vector vortex modes. We extract
the radial intensity distribution from the first- and second-
order modes along the white radial direction [see Figs. 4(d)
and 4(e)]. The relatively balanced intensity distribution
once again implies a robust generation of vortex beams
against the fluctuation of the writing laser energy.

In summary, we demonstrated the first vector vortex beam
emitter embedded in a photonic chip by using femtosecond
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FIG. 4. Experimental results of vortex beam emitter array.
(a) Mlustration of an array consisting of three asymmetric direc-
tional couplers for first- and second-order vector vortex beam
emitters, respectively. (b) The first column: intensity patterns
generated from the first-order vortex beam array. The difference
in their shape can be attributed to slight differences in the writing
pulse energy and fabrication variations. The clockwise (counter-
clockwise) spiral interference patterns with one arm are shown in
the second (third) column for first-order vector vortex beams.
(c) The first column: intensity patterns generated from the
second-order vortex beam array. The clockwise (counterclock-
wise) spiral interference patterns with two arms are shown in the
second (third) column. Even with an artificially introduced
energy fluctuation of the write beam, about 1.465 nJ (0.4 nJ)
in generating first-order (second-order) vector vortex beams, we
still can obtain almost identical emission and a robust generation
of multiple vector vortex beams against the fluctuation of the
writing laser energy. (d) Radial intensity distribution extracted
from the first-order vortex beam along the white radial direction
corresponds to A, B, and C. (e) Radial intensity distribution
extracted from the second-order vortex beam D, E, and F.

laser direct writing. By engineering the phase matching
condition, we generated the first- and second-order vector
vortex beams with optical chirality and achieved very high
conversion efficiency by tuning the writing pulse energy. The
fashion of embedded generation makes vector vortex beams
directly ready for further transmission, manipulation, and

emission without any additional interconnection. We also
demonstrated an integrated array of such emitters and a
robust generation of multiple vector vortex beams, which is
crucial toward high-capacity communication and high-
dimensional [54,55] QIP.

This emerging field of integrated photonics of vector
vortex beams has many open problems to be addressed.
The evanescent light coupling or splitting between two
vector vortex waveguides is a primary goal, which may
facilitate the design and fabrication of many novel inte-
grated devices of vector vortex beams, and especially may
enable on-chip quantum interference of vector vortex
beams. Quantum inference between the transverse spatial
modes has been observed in multimode waveguides [46],
opening the possibility to realize on-chip Hong-Ou-Mandel
interference for vector vortex modes [56]. The efficient
generation of pure scalar vortex modes in our experiment
promises the potential for preparing indistinguishable
vortex photonic states and observing the interference with
high visibility. In addition, introducing chiral structure to
the OAM waveguide may allow controllably generate
certain chiral vortex states.
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