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Miniaturized and reconfigurable interfaces between confined optical modes within in-
tegrated photonic chips and structured light propagating in free space would serve as
a cornerstone for fundamental optical science and modern photonic technology. In
this work, we present nonlinear nanophotonic chip-space interfaces capable of flexi-
bly generating and multi-dimensionally engineering structured light via injections of
photons to on-chip waveguides. By harnessing the nonlinear Cerenkov radiation in
integrated nonlinear microring resonators, we successfully tailor the spatial profile,
polarization state, emission wavelength, topological charge and temporal wave packet
of structured optical vortices, exhibiting reconfigurabilities and tuning ranges far be-
yond the state-of-the-art. To further showcase the capabilities of our platform, we use a
single pump to generate multi-state integrated vortex microcombs in the visible range
via synergistic x* and x® nonlinear optical processes, potentially boosting applica-
tions in biochemical sensing, optical clocks, and astronomical spectroscopy. Our work
bridges the research fields of structured light and integrated optics, providing unprece-
dented opportunities for spatiotemporal light generation, on-chip nonlinear optics and

integrated quantum photonics.

Structured light, whose characteristics can be arbi-
trarily tailored in all degrees of freedom, including fre-
quency/wavelength, time, phase, amplitude and polar-
ization etc, has profoundly reshaped the landscape of
modern optical science and photonic technology [T}, 2].
As a prominent example, optical vortices carrying or-
bital angular momentum (OAM) of light feature a spiral
phase front of e!¥, where topological charge (TC) [ is an
unbounded integer and ¢ is the azimuthal angle ranging
from 0 to 27 [3]. These optical vortices allow the explo-
ration of new concepts such as phase singularities, light
topology, optical chirality in fundamental optical physics
[4] and bring unprecedented opportunities to dramati-
cally enlarge the capacities of optical communication and
quantum information processing [5H7]. Beyond modern
information technology, optical vortices have also revolu-
tionized numerous applications including optical manip-
ulation, microscopy, and holography [8HII]. Driven by
the tremendously growing aggregated data traffic in the

big data era, a variety of chip-scale devices have emerged
as promising solutions for creating optical vortices, fea-
turing advantages in terms of small footprint, low-power
consumption, high stability and compatibility with mod-
ern nanofabrication techniques [I2HI6]. Despite plausible
progress in on-chip control of optical vortices [I7H20], the
tuning range and engineerable dimensionality for the in-
tegrated devices remain rather limited due to the fact
that the underlying physical mechanism is mainly based
on conventional linear optics. To date, optical vortices
with controlled radiation characteristics such as spatial
profile, polarization state, TC and temporal wave packet
can only be generated via multiple bulk optical elements
including forked holograms, spatial light modulators, spi-
ral phase plates, and g-plates, etc [21I]. Therefore, new
operation principles and device architectures are urgently
needed to fully explore the advantage of configurability
and multi-dimensional engineering associated with inte-
grated photonic platforms.



In this work, we theoretically propose and experimen-
tally demonstrate universal chip-space interfaces capable
of flexibly generating and on-demand engineering struc-
tured optical vortices in full dimensions by manipulating
the propagating/confined optical modes and their non-
linear interactions in integrated photonic chips. Differ-
ent from the widely employed integrated OAM emitters
consisting of microring resonators with embedded angu-
lar gratings as linear light scatters [12] [13], we take ad-
vantage of the nonlinear y(? interactions between the
counter-propagating whispering gallery modes (WGMs)
confined by nonlinear microring resonators, leading to
the out-of-plane sum-frequency generation (SFG) carry-
ing OAM of light assisted by nonlinear Cerenkov radia-
tions (NCR). Though the NCR has been widely employed
in light generations at different directions in bulk mate-
rials [22H25], its implications in integrated photonics are
rather limited [26], lacking the realization in microreson-
tor systems. Based on the microring resonators made
of z-cut and z-cut thin film lithium niobate (TFLN),
nonlinear structured optical vortices without the need
for complete phase matching are experimentally demon-
strated, enabling independent engineering of the spatial
profile, polarization state, emission wavelength and TC of
the sum-frequency (SF) wave in a reconfigurable manner.
Furthermore, by combining the excellent (2 and y®) ef-
fects in the TFLN platform, multi-state integrated vortex
microcombs with engineerable temporal wave packets are
demonstrated, for the first time, to the best of our knowl-
edge. Our work not only provides unexplored paradigm
to produce and engineer structured light with integrated
optics but also endows new functionalities to cutting-edge
TFLN photonic devices and similar thin-film platforms
with x(® nonlinearities, particularly offering exciting op-
portunities for integrated quantum/nonlinear photonics.

ON-CHIP NONLINEAR CERENKOV
RADIATION FOR GENERATING OPTICAL
VORTICES

Figure 1 shows the working principle of integrated
nonlinear chip-space interfaces. In a straight waveguide
with a x(® nonlinearity, the nonlinear interaction be-
tween two counter-propagating guided modes at differ-
ent fundamental frequencies produces a strong SF wave
through NCR [26], which requires phase matching along
the propagation direction of fundamental waves, i.e.,
Ak, =k — ky — |ESF|SiH(9) = 0, but allows phase mis-
match in the plane perpendicular to the propagation di-
rection, i.e., Ak, = |ksr|cos(d) # 0 (Fig. 1a). Here, ky,
and k, refer to moduli of the propagation constants of
the two fundamental waves injected from the left and
right sides, respectively, and ESF is the wavevector of
the produced SF wave emitting towards the free space.

Therefore, the radiated SF wave presents itself as a plane
wavefront tilted at an angle of 8, governed by the NCR
condition. If the waveguide is curved to form a loop, the
guided fundamental waves will become confined WGMs
satisfying the resonant conditions (Fig. 1b). Both k,, of
the counterclockwise (CCW) wave and k,, of the clock-
wise (CW) wave circulate within the plane of the mi-
croring. The NCR requires phase matching along the
azimuthal direction of ¢, so that the wavefront of the ra-
diated SF wave should skew in the azimuthal direction,
suggesting the creation of optical radiations with helical
phase fronts, i.e., optical vortices. The azimuthal compo-
nent of ESF is labeled as kgp, ., meeting the condition of
ksr,o = km — kp, which produces an azimuthal momen-
tum of hksr,, for the radiated SF wave. Considering the
circular symmetry of the microring with a radius of R,
this momentum leads to a z-axis OAM of J = Rhksr,,
[27]. Using the resonant conditions of k,,R = m for
the CCW mode and k,R = n for the CW mode, the
obtained TC of OAM equals J = (m — n)h. Here, m
and n are positive integers, referring to azimuthal mode
numbers. This result shows that the TC of the SF wave
equals to the modal difference between the interacting
CCW and CW WGMs, revealing the NCR, condition in
the microring governed by the conservation of azimuthal
numbers, i.e., Isg = m — n. Denoting the fundamental
wavelengths as A, and A, the SF wavelength can be
expressed as Asr = (AmAn)/(An + Am). The NCR con-
dition of lgp = m — n in the microring can be strictly
proven using the nonlinear coupling wave equations in
the cylindrical coordinate system, where WGM modes
are the eigenmodes of the micoring resonator (see Meth-
ods for theory on NCR in a microring resonator).

The aforementioned discussion provides an intuitive
but simplified physical picture of the SF optical vortices
generated by the on-chip NCR. In a real on-chip non-
linear optical frequency mixing process, several factors
should be taken into consideration as follows: polariza-
tion states of WGMs, i.e., transverse electric (TE) modes
or transverse magnetic (TM) modes; nonlinear polariza-
tion dependence on the polarization states of the funda-
mental waves and the x(?) tensor of the resonator ma-
terial; and the diffraction of SF wave induced by sub-
wavelength scale of the microring. Figure lc illustrates
the schematic of our device which consists of a micror-
ing resonator and a side-coupled bus waveguide. Such
a standard and practical configuration not only enables
simple excitations of CCW modes from the left port
and CW modes from the right port but is also compati-
ble with the well-established nanofabrication process for
large-scale integration. The electric fields of the fun-
damental waves are labeled as Ep,, for CCW modes
and Ep _, for CW modes, respectively. The first sub-
script “P” refers to a TE-like or TM-like polarization

state. The minus before the second subscript “n” in-
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FIG. 1. Working principle of the nonlinear nanophotonic chip-space interfaces based on NCR. (a) Out-of-plane
radiated SF waves from a waveguide at a certain angle determined by the NCR produced via the second-order nonlinear optical
interaction between two counter-propagating fundamental waves with wavevectors of k,, and k,. The radiation angle 0 is
determined by Ak, = km — kn — |ksp|sin(@) = 0, in which ksp is the wavevector of the produced SF wave. (b) The parallel
wavevectors of the SF wave in a straight waveguide turn into twisted wavevectors in a microring geometry, leading to the out-of-
plane radiation carrying OAM of light. The TC and frequency of the emitted vortex are Isp = m—n and wsr = Wm +wn, in which
m (wm) and n (w,) are the mode numbers (frequencies) of the microring. (¢) Schematic of engineering SF optical vortices in
multiple degree-of-freedom via on-chip NCR, including controllable spatial profile and polarization state, independently tunable
wavelength and TC, and the generation of visible vortex miocrocombs with controlled temporal profiles by a synergistic x*

and x(3) nonlinear optical process.

dicates the CW mode, distinguishing it from the CCW
one. Thus, the fundamental waves producing NCR. can
be expressed as Fp,, = upm (p,2)e@nt+tm@en and
EP,—n = UP,—n (pv Z) ei(wntfnga)ép. Here, UP m (pa Z) and
up,—n, (p, z) are the electric field distributions in the cross-
section of the microring, and ép is a unit vector of the
dominant electric field for TE or TM modes. Therefore,
the evolution of the SF field can be written as a function
of the two fundamental fields and the second-order opti-
cal nonlinear coefficient under the classical slow varying
envelope approximation [28]:

2
ksr - VEgp = — lwp : Epépup,m (P, 2)
X Up, _p, (p7 Z) ei(m—n)cpe—iAE~Fei(wm+wn)t
) &
where Ak is the wavevector mismatch in the NCR pro-
cess. Due to the in-plane confinement of the fundamen-
tal waves and the satisfaction of the NCR condition, the
wavevector mismatch is mainly determined by the out-of-
plane radiated SF wave, given by Ak = —ksr,pp—ksF,22,
where ksp , and kgp ., are wavevector components along
the radial direction p and z-axis direction Z, respec-

tively. W : épép denotes a double contraction of the
nonlinear tensor under the interaction of two unit vec-
tors, leading to the vector effective nonlinear coefficient
)Zeﬂ? = [Xeff,m Xeft,y XeH,Z]T Assuming that UP m <p7 Z)
and up, _p (p, z) are an approximately constant within
the microring, and the thickness Ad and the width AR
are sufficiently small for the microring with a radius of
R, the far field of the SF wave normal to the z-axis can
be written as

(wm +wn)2

ESF—far =—1 UP7mUP7_nRAdAR

kSF,zCQ

(2)

27
% / X‘eﬂei(m—n)apeilcspprcos (¢—Lp)ds0
0

where ¢ is the azimuthal angle in the wavevector space
(see Methods for calculation of the radiated SF fields).
Each component in Xes, labeled as xew; (j =z,y,2),
possibly depends on the azimuthal angle ¢, so that it can
be expressed as Fourier series, i.e., Xef,j = le Ci, etx?,
where the integer [, refers to additional TC induced by
the spatially varying nonlinear polarization and Cy_ is the
corresponding Fourier coefficient. Therefore, the total
TC of the radiated SF wave is determined by the sum of



modal-difference-induced TC lwgm and xeg-induced TC

ly, resulting in the general NCR condition:

lSFZZWGM—‘rlX:m—TL—I-lX. (3)

In general, the NCR process in microring can produce
structured optical vortices with a wide range of spatial
profiles and polarization states by combining the two
pump beams in different polarizations and mode num-
bers. As a proof of concept, we only show the interac-
tions between fundamental TE and TE modes or between
fundamental TM and TM modes in our study. Non-
linear microrings made of both z-cut and z-cut TFLN
are employed to highlight the universality of the NCR
process. Therefore, four representative SF processes as-
sisted by NCR are presented: case 1 for interaction be-
tween Erm,m and Ery,—, modes in z-cut TFLN, case
2 for interaction between Erg ., and Erg _, modes in
z-cut TFLN, case 3 for interaction between Erg ,, and
ErE,—n modes in z-cut TFLN, and case 4 for interaction
between Ery,p, and Ery,—p, modes in z-cut TFLN. The
dominant effective nonlinear coefficients are rather dis-
tinct in these four NCR cases, with some of them linked
to the azimuthal angle, leading to SF optical vortices
with different spatial profiles and polarization states as
summarized in Table 1 (see Extended Data Fig. E1 and
formulas for polarization-dependent x.r¢ and SF radia-
tion in Methods). It should be noticed that the physi-
cal coordinate system of z-cut TFLN is aligned with the
lab coordinate system, while that of z-cut TFLN has a
CCW rotation of 90° around the y-axis relative to the
lab coordinate system. The dominant y3; and y33 cos? ¢
in cases 1 and 2 resulting in the main z-polarization
state in the = — y plane. Moreover, the superposition
of nonlinear polarization in case 3 produces a cylindrical
polarization, while the diffraction of the subwavelength
microring in case 4 leads to a radial polarization (Ex-
tended Data Fig. E2). According to Egs. (1) to (3),
these distinct nonlinear polarizations and radiation to-
gether with the NCR condition allow us to engineer the
optical vortices in multi-dimensions including the spatial
profile, polarization state, emission wavelength, and TC
by carefully choosing the resonant modes and effective
nonlinear coefficients involved in the on-chip optical fre-
quency mixing process, as listed by the last column using
ket notation displayed in Table 1. We fabricate a variety
of devices and customize the characterization system to
demonstrate the proposed functionalities, as described in
Methods of TFLN microring fabrication and experimen-
tal characterization of nonlinear optical vortices, along
with Extended Data Figs. E3-E7 and Table E2.

ENGINEERING THE SPATIAL PROFILE AND
POLARIZATION STATE OF NONLINEAR
OPTICAL VORTICES

In the experiment, we firstly demonstrate the control-
lability of spatial profile and polarization state for on-
chip nonlinear radiation by setting A, = \,,, leading
to lwaem = 0, in order to avoid complications induced
by modal difference. In such a scenario, the on-chip SF
process degenerates into the second harmonic generation
(SHG). Although previous studies have explored on-chip
out-of-plane SHG [29] B0], the underlying principle of
NCR remains unrevealed, thereby restricting further in-
vestigation into SFG with structured wavefronts. Fig-
ure 2a shows the spectra of the fundamental and second-
harmonic (SH) waves for the four cases. The degener-
ated wavelengths of the fundamental waves are 1562.04
nm, 1561.30 nm, 1563.37 nm, and 1563.91 nm, leading
to the exactly frequency-doubled emission at 781.02 nm,
780.65 nm, 781.69 nm, and 781.96 nm, respectively. In
case 1, a homogeneous SH intensity distribution on the
ring is observed owing to the Xes,, and Xes,, being inde-
pendent on the azimuthal angle (Fig. 2b). The Fourier
transformation of this distribution is a zero-order Bessel
function, which coincides with the recorded far-field in-
tensity pattern and the simulated one (Fig. 2¢). Since x31
is generally two times larger than yoe, the z-polarization
component of the SH wave dominates in case 1, resulting
in an NCR state of |V ,0) (Fig. 2d). In case 2, although
the non-zero Xes,» and Xefr,y contribute to the radiated
SH waves, the near-field intensity distribution presents
as two circular arcs due to the dominant y33 cos? ¢ com-
ponent within xeg, (Fig. 2¢). This is attributed to the
largest 33 of LN crystals that is an order of magnitude
larger than the other coefficients. Because cos? ¢ can be
rewritten as % + ieﬂ“" + %e_ﬂ“", such a circular ampli-
tude modulation produced non-circular symmetric far-
field patterns with OAM sidebands encoded by angular
diffraction (Fig. 2f,g) [31]. These two sidebands corre-
spond to two OAM states with I, = %2, leading to a
superposition state of £ |V,0) +1|V,2) +1|V,-2). In
case 3, the two orthogonal polarizations in the x —y plane
form a cylindrical vector polarization state expressed by
a Jones matrix of [sin 2¢ cos 290} T, which rotates around
the z-axis and repeats twice in one round trip. There-
fore, a homogeneous SH intensity distribution in the near
field is observed (Fig. 2h), but the far-field intensity pat-
tern presents as a donut shape owing to the polarization
singularity at the center (Fig. 2i) [32]. The cylindrical
polarization is revealed by the intensity patterns of x-
polarization and y-polarization components (Fig. 2j), ex-
hibiting a rotational angle of 45° in between. Generally,
the non-zero Xef,, in case 4 cannot produce an out-of-
plane SH wave. However, the microring with a subwave-
length width acts as a circularly symmetric diffraction



Table 1. Summary of effective nonlinear coefficients and the corresponding intensity distributions for the four
different nonlinear interaction processes. The dominating effective nonlinear coefficients in each process are
highlighted in red. The ket notation is used to express generated states, where the first and second parameter refer to
a polarization state and a total TC, respectively. V, vertical (x) polarization; H, horizontal (y) polarization; R, right-
handed circular polarization; L, left-handed circular polarization.

Effective nonlinear coefficients
NCR in the lab coordinate system Dominated angle-dependent | Far-field SF intensity
—5@. 5.5 polarization state in the x-y | distribution in the x-y
processes Xeft = X7t €p€p . .
using Jones matrix plane
Xeff,x Xeff,y Xeff,z
case 1 1
x-cut —X31 —X22 0 [0] [V, m —n)
TM+TM
= 0\ )
1 —|V,m—n
case 2 —x315in2Q | x,,sin?¢ cos*p [0] : 1
x-eut et | = e T 1 e 1 0o\t t7V.m—n+2)
TE+TE X33 P X1s @ = (_ + — elz‘P 4 _e_lZ(P) [ ] 4
2 4 4 0 + l [V,m —n—2)
4 )
sin 2 1
case 3 [ (p] =|Lm—n+2)
. cos 2¢ 2
z-cut X225IN2¢ | x22c082¢ | () P ol 1
o = (20 || — g—i20 _Z —
TE+TE —(e=[|-e2[]) | —zRm-n-2)
cos 1
case 4 [ @ =|Lm—-n-1)
z-cut 0 0 X . 2
TMHTM Pl Z(ee[Yaee[l]) | +irmon+D
2 i —i 2

structure, scattering the SH field produced by x33 in the
x — y plane to the far field (Extended Data Fig. E2).
This diffracted feature resembles what occurs in a mi-
croring addressed with angular gratings, which results
in a radial polarization of radiated SH wave, given by
[cos ¢ sin np]T, as shown by the homogeneous SH inten-
sity distribution on the ring (Fig. 2k) and the far-field
cylindrical vector SH beam (Fig. 21,m). Both cylindrical
vector beams in cases 3 and 4 can be decoupled into two
scalar OAM states with left-handed and right-handed
circular polarizations, ie.,|L,l, =2) and |R,l, = —2)
for case 3 and |L,l, = —1). and |R,l, =1) for case
4, based on spin-to-orbital angular momentum coupling
[33]. The simulated far-field intensity pattern in Fig. 21,
calculated using the theoretical result of Eq. (2) with the

. T . . .
[cos @ sin gp] component incorporated into e, ., are in
very good agreement with the measured ones.

GENERATING THE OPTICAL VORTICES WITH
ON-DEMAND WAVELENGTH AND TC VIA
NCR

In addition to the flexible engineering of the spatial
profile and polarization state, we can on-demand load
helical phase fronts to the NCR by employing two non-
degenerated fundamental waves, i.e. lwgm # 0, lead-
ing to the generation of optical vortices with an on-
demand wavelength and TC. Based on Eq. (3), the ra-
diated SF will present different TCs of Isg when the
CCW and CW WGMs are at different orders. As a
demonstration, lwagm = m—n = +4,+2,+2, and+1 are
set in cases 1 to 4, respectively. As shown in Fig. 3a, the
fundamental wavelengths for the four cases are fixed at
Am = 1556.55 nm, 1558.43 nm, 1557.91 nm, and 1561.30
nm for CCW modes and A, = 1562.02 nm, 1561.30 nm,
1563.37 nm, and 1563.88 nm for CW modes to get a pos-
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FIG. 2. Engineering the spatial profile and polarization state of nonlinear optical vortices in frequency doubling
processes. (a) Spectra of the fundamental waves and the SHG (lwem=0) in four different cases. (b-d) Measured and
simulated near- and far-field patterns of the SHG in case 1. Due to the absence of intensity modulation and spin-orbital
angular momentum coupling, the emitted beam doesn’t carry any OAM and therefore exhibits a solid center in the far-field
pattern. The z-polarization component of the SH wave dominates due to the fact that xs3; is generally two times larger than
x22- (e-g) Measured and simulated near- and far-field patterns of the SHG in case 2. The near-field amplitude modulation
with two circular arcs leads to the SHG in a superposition state 3 |V,0) + 1|V,2) + 1|V, —2), forming a solid center and
two lobes in the far-field pattern as demonstrated in both the experiment and the simulation. The dominated z-polarization
component in the far-field pattern can be attributed to the largest x3s of LN crystals that is an order of magnitude larger than
the other coefficients. (h-j) Measured and simulated near- and far-field patterns of the SHG in case 3. The far-field pattern
of the cylindrically polarized SHG shows a hollow center, corresponding to a polarization singularity. There is a 45° rotation
between the H-polarized/V-polarized far-field patterns because the polarization state rotates twice in 360°. (k-m) Measured
and simulated near- and far-field patterns of the SHG in case 4. The far-field pattern of the cylindrically polarized SHG shows
a hollow center, corresponding to a polarization singularity. H-polarized/V-polarized far-field patterns are shifted by 90° due
to fact that the polarization state rotates only once in 360°.
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itive lwam, while swap them to obtain a negative lywawm-
Clearly, strong SF wave assisted by NCR is located at
779.64 nm, 779.93 nm, 780.31 nm, and 781.29 nm, re-
spectively. These results demonstrate that the prominent
out-of-plane radiation comes from nonlinear interactions
of the counter-propagating two fundamental waves. The
near-field profiles of the SF waves inserted in Fig. 3a are
consistent with those in Fig. 2b,e,h,k. To reveal the OAM
states, their far-field intensity patterns are characterized
as shown in Fig. 3b-e. In case 1, the scalar SF far fields
with lwam = £4 show a typical OAM feature of hollow
beams which is in contrast to SHG without OAM as pre-
sented in Fig. 2c. According to the theoretical framework
in Table 1, these two SF vortices carry total on-demand
OAM states of | V,4) and |V, —4), respectively. To verify
the TC of the generated OAM, we interfere these two op-
tical vortices (see Methods and Extended Data Fig. ET7),
and the number of the anti-nodes in the far-field pattern
equals 2|lwgm| = 8, confirming the theoretical predic-
tion of lgp = £4 (Fig. 3b) [34] B5]. Figure 3c shows
the capability of simultaneously modulating the inten-
sity profile and controlling the TC of the emitted optical
vortices in case 2 by setting lwagm = £2. The recorded
far-field intensity pattern relates to a superposition of
multiple OAM states, ie.,2|V,2) + 1|V, ,4) + 1|V, 0)
for lwgm = 2 and 1|V, =2) + 1|V,0) + 1 |V,—4) for
lwam = —2, respectively. The bright centers at the far
field reveal the state of |V,0) within those two super-
position states resulted from the counteraction of the
modal-difference-induced TC and the yeg-induced TC,
i.e., Isp = lwam £ 2 = 0. It also provides evidence that
the OAM sidebands in Fig. 2f carry TC of [,, = £2. Their
interfering pattern in Fig. 3c features non-uniform four
nodes.

Microrings on z-cut TFLN are used to load additional
OAM onto the cylindrical vector beams in cases 3 or 4,
which exhibit couplings between spin angular momentum
(SAM) and OAM [14] 36]. In case 3, due to the SAM
and OAM coupling, the produced OAM states will be-
come into 3 |L,m —n+2) — 2|R,m —n —2) according
to Table 1. Setting lwam = 2 (or -2) in the experiment,
the generated SF vortices turn into a superposition of
|L,0) and |R,—4) (or |L,4) and |R,0)), confirmed by
far-field SF intensity patterns in Fig. 3d. The bright
spot in the center of the intensity distribution for the
left-handed (or right-handed) circularly polarized beam
reveals the total OAM of lywagm + 1, = 0. A similar effect
can be observed in case 4. According to Table 1, vortex
states with 3 |L,—2) + 3 |R,0) and 3 |L,0) + 3 |R,2) are
obtained by setting lwaom = —1 and lwam = 1, respec-
tively, as shown in Fig. 3e. Those radiated SF intensity
patterns in cases 1 to 4 are in excellent agreement with
the numerical simulations.

INDEPENDENT AND WIDE-RANGE TUNING
OF THE WAVELENGTH AND TC ASSOCIATED
WITH OPTICAL VORTICES

We now present the ability to independently tune the
wavelength and TC of the nonlinear optical vortices with
unprecedented ranges, which significantly outperforms
the state-of-the-art [I8, 19]. In case 1 with [, = 0,
the correlation between wavelength and TC could be de-
coupled by simultaneously changing the orders of both
fundamental waves with several free spectrum ranges
(FSRs), labeled as Al, along the same direction, i.e. m
to m + Al and n to n + Al, or opposite direction, i.e.
m + Al and n — Al. The former could produce opti-
cal vortices with a pre-designed TC, i.e., |V, m —n), but
varied emission wavelengths (Fig. 4a), while the latter
can tune the TC of OAM beams, i.e., |V, m —n + 2Al),
with a targeted emission wavelength (Fig. 4b). We set
Am = 1562.02 nm and A\, = 1556.55 nm to produce OAM
with lsp = 4 at first, and then tune the pump wave-
lengths to shorter and longer values, achieving the lowest
Al = —17 and highest Al = 20, respectively. This tun-
ing process covers a tuning bandwidth of about 51.8 nm,
corresponding to 37 times of the FSR (1.4 nm for each
FSR). As a result, the unchanged far-field SF intensity
distribution indicates the invariable TC while the emis-
sion wavelength spans from 767.77 nm to 793.62 nm, as
shown in Fig. 4c. To demonstrate the independently tun-
able TC, the fundamental wavelengths are firstly fixed at
Am = Ap, = 1562.02 nm, and then they are tuned to ob-
tain Al = -5 to 5, respectively. In this configuration, the
TC changes with a step of 2Al at the same SF wavelength
of 781.01 nm, as the blue spectra and patterns shown in
Fig. 4d. Setting A, = 1560.65 nm and \,, = 1562.03 nm
to get m —n = 1 with an SF wavelength of 780.66 nm,
the TC follows the law of 2Al+ 1 using the same control-
ling scheme. It should be noticed that there is a slight
difference between the SF wavelengths of odd and even
OAMs. We use temperature to tune the resonant wave-
length of the microring by half FSR when producing the
optical vortices with odd (lgp = 2Al+1) TCs (Extended
Data Fig. E8) so that the SF wavelength keeps the same
as that with even (Igp = 2Al) TCs (orange spectra and
patterns in Fig. 4d).

VISIBLE MULTI-STATE VORTEX
MICROCOMBS WITH ENGINEERABLE WAVE
PACKETS

Finally, we employ the NCR to generate multi-state
vortex microcombs at visible range in a synergistic x(?
and y®) process by using a z-cut TFLN microring (see
Methods and Extended Data Fig. E5). Integrated vor-
tex microcombs at telecom bands have been very re-
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FIG. 3. Encoding OAM with on-demand wavelength and TC to NCR. (a) Spectra of the fundamental wave and SF and
near-field SF intensity distributions for cases 1 to 4, respectively. (b) Measured and simulated far-field patterns for lwem = +4
in case 1 with [, = 0. The TC of the SF lsp = =£4 results in an interference pattern with an anti-node number of 2 |lwam| = 8.
(c) Measured and simulated far-field patterns for lwgm = =£2 in case 2 with [, = 0,42 . Due the amplitude modulation, the
generated vortex states are 3 |V,2) + 1| V,4) + 1[V,0) for lwam =2 and 1|V, =2) + 1|V,0) + 1|V, —4) for lwem = —2,
respectively. Therefore, both far-field patterns for lwgm = 42 exhibit a solid center and their interference pattern features 4
anti-nodes. (d) Measured and simulated far-field patterns for lwagm = %2 in case 3 with I, = £2. Due to the spin-orbital
coupling with polarization rotating twice in one round trip, the generated vortex state is % |IL,m —n+2) — % R,m—n—2).
Thus, the right-handed polarization component for the cylindrically polarized optical vortex with lwam = 2 exhibits lsp = 0,
leading to a solid center in the far-field pattern. Similarly, the far-field pattern of the left-handed polarization component for
the cylindrically polarized optical vortex with lwam = —2 also experiences a solid center due to Isp = 0. (e) Measured and
simulated far-field patterns for lwem = %1 in case 4. Due to the spin-orbital coupling with polarization rotating only once in
one round trip, the generated vortex state is 5 |L m-—n—1)+ % |R,m —n 4+ 1) . Thus, the left-handed polarization component
for the cylindrically polarized optical vortex Wlth Ilwam = 1 exhibits TC of 0, leading to a solid center in the far-field pattern.
Similarly, the far-field pattern of the right-handed polarization component for the cylindrically polarized optical vortex with

lwaem = —1 also experiences a solid center.
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FIG. 4. Independent and wide-range tuning of the wavelength and TC of the nonlinear optical vortices. (a) The
scheme for achieving optical vortices with tunable wavelengths but a fixed TC of Isp = m — n by simultaneously changing
the orders of two fundamental waves along the same direction. (b) The scheme for achieving SF vortices with tunable TCs
following the laws of Isp = 2Al and Isp = 2Al + 1 but at a fixed wavelength by simultaneously changing the orders of two
fundamental waves along the opposite direction. Temperature control on the microring is employed to fine-tune the resonant
wavelength by half of the FSR, compensating for the wavelength difference between SF vortices with odd and even TCs. (c)
Experimental demonstrations of optical vortices with tunable wavelengths without changing the TC by keeping m —n =4 in
case 1 based on the scheme in (a). (d) Experimental demonstrations of optical vortices with tunable TCs without changing
the wavelength in case 1 based on the scheme in (b). The TC ranges from -11 to 11 continuously and the wavelength difference

between the odd and even TCs is compensated by temperature control.

cently realized in angular-grating-addressed microrings,
exhibiting technological advantages in the applications
of OAM spectroscopy and spatiotemporal light genera-
tion [37, [38]. However, the angular gratings employed in
previous work impose an inevitable compromise between
the Q-factors of microring and the vortex emission effi-
ciencies. In addition, it has been extremely challenging
to directly transplant such a strategy from the telecom
band to the visible range due to the very strong material
dispersion and higher Raman gain at the visible wave-
length. Although the frequency doubling technique can
translate telecom microcombs to the visible range but the
operation bandwidth is limited by the phase matching
condition. The NCR employed in our scheme simultane-
ously addresses these three issues and therefore success-
fully enables the first demonstration of the visible vortex
microcombs. Figure 5a shows the principle for the gen-
eration of visible vortex microcombs. A TE fundamental

pump at \,, = 1554.45 nm is injected from the left port
into the waveguide with an on-chip optical power of 326
mW and excite the CCW optical soliton [39-42]. The
same TE fundamental beam is injected from the oppo-
site direction of the coupling waveguide (from the right
side) and experiences SF processes with each of the CCW
modes associated with the comb lines, leading to the for-
mation of SF vortex microcombs emitting toward free
space (see Extended Data Fig. E9 for the experimental
setup). Figure 5b shows the output comb spectrum from
the right port of the coupling waveguide, in which the
smooth envelope of the produced comb lines indicates
the generation of a Kerr soliton along with two disper-
sive waves with a repetition rate of 250 GHz (2 nm in
wavelength). The SF spectrum of emitted vortex combs
with the same repetition rate of 250 GHz (0.5 nm in wave-
length) is collected by a free space setup, as presented on
the top of Fig. 5b. The soliton feature together with two
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FIG. 5. Visible multi-state vortex microcombs with engineerable temporal wave packet. (a) A schematic illustrating
the principles of X(3) and X(2) nonlinear interactions that produce telecom-band Kerr soliton combs and visible vortex soliton
combs. The infrared combs are generated by the CCW pump via four-wave mixing processes while the visible vortex combs
are produced by the NCR process between the CCW soliton and the CW pump. (b) Spectra of a Kerr soliton comb with the
repetition rate of 250 GHz (2 nm in wavelength) in the telecom band and spectra of the corresponding vortex soliton comb
with the same repetition rate of 250 GHz (0.5 nm in wavelength) at visible. A notch filter (gray area denoted as NF) is used to
suppress the SH spectrum from the CCW and CW pumps and a bandpass filter (blue area denoted Filtered Comb) is employed
to spectrally select the optical vortices of interest (with low TCs). The dispersive waves at short (orange area) and long (purple
area) wavelengths are marked by DW; and DWa, respectively. (c¢) Vertically radiated intensity profiles of the visible vortex
combs. The far-field patterns associated with the vortices with different OAMs selected by the bandpass filter and dispersive
waves correspond to the green, blue and orange rings, respectively. (d) The filtered vortex comb radiation is dispersed by a
blazed grating, resulting in different diffraction angles for the comb lines at different wavelengths. The zoomed-in comb lines
at different wavelengths in the spectrum overlay the corresponding diffractive rings (I, II, III, IV) at different angles. (e-h)
Amplified single vortex comb lines and corresponding vortex far-field patterns (I, II, III, IV) by tuning an extra laser to the
targeted comb line wavelengths. (i) and (j) The spectra of the dual-soliton state and soliton-crystal state generated in the
telecom band. Above them are the zoomed-in spectra of the up-converted dual-soliton combs and soliton-crystal combs in the
visible range. (k) and (1) are the diffracted far-field patterns associated with the visible dual-soliton combs and soliton-crystal
combs. The clear intensity modulations respective to (d) reveal the characteristics of a dual-soliton state with a modulated
envelope and a soliton-crystal state with doubled mode spacing.



dispersive waves are faithfully converted to the vortex
combs in the visible range. To reveal OAM information
encoded in each visible comb line, a notch filter (NF)
is used to suppress the up-converted pump (grey area)
while a bandpass (BP) filter is used to spectrally select
the comb lines with small TCs (blue area) as marked
in Fig. 5b. The far-field intensity distribution of vortex
combs corresponding to the visible spectrum in Fig. 5b is
presented in Fig. 5c, in which the dispersive waves and fil-
tered comb lines are marked by circles with varied diam-
eters due to their significant differences in the TC of the
OAM states. The filtered vortex comb emission, denoted
by the filtered comb region in Fig. 5c¢ is further dispersed
by a blazed grating in order to spatially separate the dif-
ferent comb lines, as shown in Fig. 5d, overlaying with
the spectrum of the filtered combs. The diameter of each
ring increases from right to left, indicating a larger TC
for the shorter wavelength comb line, as exemplified by
I to IV. Such a wavelength and TC correlation is further
verified by introducing an additional weak fundamental
beam with a power of 5 mW that mimics the single comb
line in the telecom band. Its wavelength can be finely
tuned to align with any of the Kerr comb lines (e.g., I
to IV), thereby amplifying the corresponding SF spectra
and the OAM states. As shown in Fig. 5e-h, the addi-
tional fundamental beam is set to match higher resonant
modes with 5 (I), 11 (II), 17 (III), and 23 (IV) FSRs from
the A, = 1554.45 nm, resulting in the enhanced SF sig-
nals with lwaym = —5, —11, —17, and — 23 at different SF
wavelengths in both spectra and the corresponding far-
field patterns. In addition, we also demonstrate a dual-
soliton state featuring a modulated envelope (Fig. 5i) and
a soliton crystal state (Fig. 5j) exhibiting a doubled FSR
at telecom band via a x(®) process [43, [44], and faithfully
transfer these distinct comb states to the visible ranges
via SF processes, as shown on the top of Fig. 5i,j. As
clearly demonstrated in Fig. 5k,1, the modulated envelope
in the dual-soliton state and the doubled mode spacing in
the soliton crystal state are revealed in the far-field inten-
sity distribution and the mode space associated with the
emitted vortices in the visible range. The stable access
to visible vortex microcombs, which overcomes the chal-
lenges of strong material dispersion and higher Raman
gain in the visible wavelength, may immediately find ap-
plications in biochemical sensing [45], optical clocks [46],
astronomical spectroscopy [47] and beyond[4§].

CONCLUSION

We’ve successfully demonstrated universal chip-space
interfaces capable of generating and engineering struc-
tured optical vortices by manipulating WMGs in TFLN
microring resonators. The nonlinear optical interac-
tions in the nanophotonic chip-space interface enable the
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multi-dimensional engineering of structured optical vor-
tices in terms of spatial profile, polarization state, emis-
sion wavelength, TC and temporal wave packet. Inde-
pendently wide-range tunings of the TC and emission
wavelength are achieved—an advantage not available in
microrings with embedded gratings. This capability en-
ables the reconfiguration of both the wavelength and TC
by adjusting the wavelength of the excitation lasers in
the NCR process, offering significantly greater flexibil-
ity and reconfigurability compared to the state-of-the-
art. The power of our method is fully released with
the first realization of visible integrated vortex micro-
combs with engineerable temporal wave packets by tak-
ing advantage of NCR in a synergistic x(*) and x(®) non-
linear optical process. The advantages associated with
the NCR presented in our work can be directly trans-
planted to other popular nonlinear optical platforms with
x® nonlinearities, such as AIN, SiC, GaP and AlGaAs
for integrated nonlinear photonics [49H54]. Moving for-
ward, programmable nanophotonic chip-space interfaces
with single injection waveguides can be pursued by in-
corporating additional integrated linear optical compo-
nents on the same chip [55], offering advantages in com-
pactness, reconfigurability and operation speed over the
nonlinear metasurfaces [56, 57]. From a fundamental
physics perspective, it would also be intriguing to inves-
tigate the reversal process of SF in which optical vor-
tices are loaded from the top of the microring to gener-
ate correlated /entangled photon pairs propagating in the
waveguides or the difference-frequency processes assisted
by NCR in periodically-poling microrings for generating
optical vortices at mid-infrared or terahertz. Our work
bridges structure light and integrated optics, bringing
an entirely unexplored paradigm for chip-scale nonlin-
ear optics and integrated quantum photonics to enable
structured light-matter interaction and high-dimensional
optical information processing.
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METHODS
Theory on NCR in a microring resonator

In a dielectric microring resonator with u = p, g = uo,
the two fundamental whispering gallery modes (WGMS)
are denoted as F,, and E_,,.The subscripts “m” and “n”
are positive integers representlng the azimuthal mode
numbers of the WGMs, where the negative sign “-” before
“n” indicates the clockwise (CW) propagation direction,
distinguishing it from the counterclockwise (CCW) direc-
tion. These modes in the cylindrical coordinate system
(p, ¢, z) can be expressed as

B, = u,(p, 2)ei@nt+mo)
{ (p,2) s1)

E_, = U—n(ﬂ, Z)ei(wntfnd))

Here, u.,(p, z) and u_p(p, z) represent the electric field
distributions in the cross-section of the microring. The
radiated sum-frequency (SF) wave, generated by second-
order nonlinear polarization, can be seen as a linear com-
bination of the WGMs of the unperturbed microring,
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with angular amplitude modulation A,, expressed as:
Bse = 50, Ay(@)ug(p, 2)ellmtentrad  (s2)

where ¢ is an integer, the coeflicients A, depend on ¢,
and the summation includes all eigenmodes. These eigen-
modes in Eq.(S2) encompass both guided modes and ra-
diated modes, which satisfy the linear wave equation in
the cylindrical coordinate system [58]:

(& +ig+ o+ hi-

2 .
p Op P %N/OESF(pv Z)] uq(p¢ Z)Czqw =0

(S3)
Using a non-depletion condition of the two fundamental
beams, the total SF field in Eq.(S2) satisfies the nonlinear
wave equation [59], given by

apz + pap + (';?;2 + 12 (): %MoESF(A Z)] Esp = uo%P@)
(s4)

where P is the second-order nonlinear polarization in-

duced by the interaction between FE,, and E_,, mathe-

matically expressed as

P@ = 20yt B E—n
0Xeff (S5)

= 250Xeﬁ"um (P, Z)ufn(pv Z)ei[(wm-i-wn)t-&-(m—n)ga]

where y.g refers to the effective second-order nonlinear
coefficient. Substituting Eq.(S2) and (S5) into Eq.(S4)
and using the slow varying amplitude approximation

(i.e., o ’84 2?) 0) and the result of Eq.(S3), one obtains

ig dA i
Zq % d@q ug(p, 2)e'? = — 2o (Wm + wn)2
(p, 2)efilm e
(S6)
Taking the scalar product of Eq. (S6) with uw*(p, z) (the
complex conjugate of the s-order mode) and integrating

over the p—z plane, the result using the orthogonality of
the eigenmodes (i.e., fu (p, z2)ug(p, z)dpdz = 0

X Xefflm (0, 2)u—

for s # q), is
dAS - (wm + wn)Q 1(m n—s)e
dp isc? (s|s) Xeft®

// (ps2)p*tm (P, 2) u— (p, 2) dpdz o

with ( = [uX(p, z)us(p, z)dpdz. It should be noted
that Xeﬂ‘ may be a function of ¢ due to the anisotropic
nature of the x(® tensor in thin film lithium nio-
bate (TFLN). The integration on the right-hand side of
Eq. (S7) is confined to the microring region where the x(?
process occurs. Without loss of generality, Xeg can be ex-
panded using a Fourier series: xeg = Zz Cie ix% where
Iy is an integer and Cj,_ is the Fourier coefﬁment deter-
mined by the xeg dlstrlbutlon around the ring. Eq. (S7)
can then be rewritten as
dAs (wm—i-wn)

= _ C, i(m—n—s+ly)e
dy isc? (s|s) El x© *

x // u% (p; 2) PPt (p, 2) un (p, 2) dpdz

(S8)



By performing the integration over the azimuthal angle
in Eq. (S8), we obtain

(Wm ern)

“isc? (s|s) 21,

X // ul (p, 2) p*um (p, 2) u_n (p, 2) dpdz
(S9)
According to Eq.(S9), a non-zero A A, requires conserva-
tion of azimuthal mode numbers,i.e.,

AAS - _ 27r 1(m n— s+lX)<pd<p

s=m—n-+l, (S10)
If xo is independent of the azimuthal angle, Eq. (S10)
can be simplified as s = m —n = lywgm, corresponding to
the momentum conservation law along the azimuthal di-
rection, i.e., nonlinear Cerenkov radiation (NCR), given
by ksr., = km — kn, where k;,, and k,, refer to moduli of
the propagation constants of the two fundamental waves
injected from the left and right sides, respectively, and
ksr,, is the azimuthal wavevector of the produced SF
wave. Therefore, Eq. (S10) is the general NCR law in a
microring resonator.

In our configuration, the confined WGM has an az-
imuthal order of 2w Rneg/A. With A = 775 nm and R
= 100 um, this order is estimated to be approximately
103. However, the SF waves generated by the interaction
of the two fundamental beams at the C/L band have a
much smaller azimuthal order governed by Eq. (S10), re-
sulting in the production of a radiated SF wave. Due to
the existence of the phase term e*(™~"+b)¢ the radiated
SF wave features an optical vortex, carrying orbital an-
gular momentum (OAM) of light with topological charge
(TC) of igp = m —n+ 1, = lwam + . Here, lwem and
Iy, can be also called modal-difference-induced TC and
Yetg-induced TC.

Calculation of the radiated SF fields in NCR

In above discussion, the vector nature of the funda-
mental modes and generated SF waves is neglected to
simplify the derivation of the NCR condition. However,
in real on-chip second-order nonlinear processes, several
factors must be considered: polarization states of WGMs,
i.e. transverse electric (TE) modes or transverse mag-
netic (TM) modes; nonlinear polarization dependence on
the polarization states of the fundamental waves and the
x® tensor of the materials used in microcavities; and the
diffraction of SF wave induced by subwavelength scale of
the microring. Here, the two fundamental modes are de-
noted as Ep,, for the CCW mode and Ep _, for the
CW mode, respectively. The added subscript “P” refers
to TE or TM modes. These two modes can be expressed
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as follows:

Ep = up m (p, 2) e/ @mitmee,
i(wpt—nep) ép

. (S11)
EP,—n = Up,—n (p7 Z) €

where ép represents the unit vector of the dominant elec-
tric field for TE or TM modes, given by

{éTM: 001"

(S12)
éTg = [cosg@ sin ¢ 0]T

The evolution of the SF field satisfies the vector nonlinear
wave equation under the classical slowly varying envelope
approximation [28], i.e.,

(OJm+UJn <_§ EP EP e_lAkT
—_ mEp -

¢ (S13)
Here, the colon indicates a double contraction be-
tween the tensors, meaning that the second-order polar-
ization P is obtained by summing over the products of

ksp - VEsp =

“.”

the components in x? _tensor and the electric-field com-
ponents in Ep m and Ep - Ak is the wavevector mis-
match in the NCR process, which can be directly written
as

Ak = — ksp pp — ksF .2

. o . (S14)
= — kgsp,, cos 92 — ksp,, sin ¢ — ksp . 2

where ksr , and ksp . are wavevector components along
the radial direction p and the z-axis direction 2, and ¢
is the azimuthal angle in wavevector space. The dis-
appearance of the azimuthal component in Eq. (S14) is
attributed to resonant nature along the azimuthal direc-
tion and satisfaction of the NCR condition. Considering
7 = pcospd + psiney + 22, the phase mismatch in the
cylindrical coordinator system is given by

—

Ak 7= —kgp ,pcos (¢ — ) —

By introducing Eq. (S11) into Eq. (S13), we obtain

(wm +wn)? NI

= X' épépup m (p, 2)

X up,_n, (p,2) e

kSF,zZ (815)

ksp - VEsp =
i(mfn)gpefiAEFei(merwn)t

(S16)
Based on Eq. (S16), it is possible to engineer optical
vortices in multi-dimensions, including the TC, emis-
sion wavelength, polarization state and spatial profile,
by carefully choosing excitation of resonant modes (m
and n) and the nonlinear coefficients x(®) : épép. In
Eq. (S16), x!
fective nonlinear coefficient Xesr = [Xeffe Xefty Xeff’z]T,
which is determined by the polarization states of the in-
teracted modes and the x(?) tensor of the materials used
in microring.

: épép can be replaced by the vector ef-



We firstly focus on the near-field SF radiation on the
microring. Since the interacted fundamental beams are
confined to the x —y plane and the SF waves radiates up-
ward and downward, each segment of the microring can
be modeled as a one-dimensional system where the SF
wave propagates along the z-axis. Therefore, the phase
mismatch in Eq. (S15) for the upward radiated SF wave
becomes Ak - 7 = —ksr 2%z, so that Eq. (516) can be sim-
plified as

dESF—near __ Z(Wm + wn)Q v o ( Z)
dz ksp .c? XeffUp,m {f;

X Up, _p, (p’ Z) ei(mfn)apeiksp‘zzei(wm+wn)t
(S17)
Assuming the thickness Ad of the microring is sufficiently
small and that up ., (p, z) and up _, (p, 2) are approxi-
mately constant within the microring, equal to up ., and
up,_n, respectively, the integration form of Eq. (S17) can
be written as

(wm +°~”n)2

kSF ZCQ XeffUp, mUP,—n

ESF—ncar = -
(S18)

) ) ksE - Ad
% ez(m—n):pez(wm-l-wn)tAdezf

Obviously, the near field of SFG contains the azimuthal
phase term of ¢/™~™¢ carrying OAM of light and its
intensity distribution is determined by Yei. The far-field
SF radiation in the x — y plane can be further obtained
by performing the Fourier transform of Eq. (S18), which
should only account for the phase mismatch term of Ak-
7= —ksr ppcos (¢ — ¢). Ignoring the terms of e*(“m+wn)t
k A

. RSF,z .
and '~ 2, the result is

ESF-far =F {ESF-near}
Ak

(wm + Wn)Q
=—i—F—Ad m —n
2 kSF)ZCQ uP7 UP7
~ // )Z»eﬂei(m—n)apeikspyppcos((b—cp)pdwdp
(S19)

Further assuming that the width AR is also small for the
microring with a radius of R, Eq. (S19) can be rewritten
as

N(wm +wn)2

Esppar = — @ up mup,—n RAAAR

kSF,zcz

(S20)
% / )Z’eﬂ.ei(m_n)ﬁoeikSF,pR cos (‘b_“’)d(p

Eqgs.(S18) and (S20) can be used to calculate the TC and
the intensity patterns for the SFG by setting m # n or
the second harmonic generation (SHG) by setting m = n
at the near and far fields, respectively.
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Formulas for polarization-dependent x.rs and SF
radiation

In our configuration, the physical coordinate system of
the z-cut TFLN aligns with the lab coordinate system, so
that the second-order nonlinear coefficient tensor of the
z-cut TFLN in the lab coordinate system can be written
as

0 0 0 0 x15 —x22
—x22 X22 0 x15 O 0
x31 X3t x33 0 0 0

(2)

Xz=cut =

(S21)

Because the physical coordinate system of the z-cut
TFLN is rotated counterclockwise by 90° around the y-
axis relative to the lab coordinate system, the second-
order coefficient tensor of the z-cut TFLN in the lab co-
ordinate system should be expressed as

@ —x33 —x31 —x31 O 0 O
Xz—cut = 0 X22  —X22 0 0 X15
0 0 0 —x22 x15 0

(S22)

Only considering the dominant polarization components
of the TE and TM WGMs given by Eq. (S12), the nonlin-
early interacted electric-field components for TE modes
or TM modes are

érpérr = |cos2¢ sin?p 0 0 0 sin2 r
{ TECTE [ ¥ ¥ QD] ($23)

érmérm =10 0100 0]"

For the four NCR processes: case 1 involves the interac-
tion between Erwn,m and Erv,—p, in z-cut TFLN, case 2
involves the interaction between Etg ., and ETg,—y, in 2-
cut TFLN, case 3 involves the interaction between ETg »,
and Etg _, in z-cut TFLN, and case 4 involves the in-
teraction between Er,y, and Ery,—p in z-cut TFLN.

The involved effective nonlinear coefficients are
. o T
X,(f,)cut sérmérym = [—Xx31 —x22 0]
ijcut i érpérE = [7)(31 sin? © — X33 cos? © X22 sin? @ — Xx15sin2p 0
L . T
X(ﬁmt . éTReTE = [ng sin 2¢  x22 cos2¢ O]

L T
X(i)cur, sérmérv = [0 0 xas]

}T

(S24)

Extended Data Figure E1 illustrate effective nonlinear
coefficients as functions of the azimuthal angle, with y2o
=4pm/V, x31 = x15 = 10 pm/V, and x33 = 40 pm/V
[60]. In cases 1 and 2, the dominant polarization com-
ponents are s, and yss cos? ¢, respectively, leading to
the main x-polarized SF wave, denoted by the Jones ma-
trix of [1 O}T. Case 3, described by Eq. (S24), produces
spatially varying polarized beam in the x —y plane, repre-
sented by a Jones matrix of [sin2p cos 2¢p] T due to the
superposition of z-polarized and y-polarized states. This
cylindrical vector beam can be decoupled into two scalar
OAM states with left-handed and right-handed circular



polarizations: €% [1 i]T and e~2¢ [1 —i}T. In case 4,
the microring with a subwavelength width acts as a circu-
larly symmetric diffraction structure, scattering the SF
or SH fields produced by the z-component of ys3 into
the far field perpendicular to the z-axis (see Extended
Data Fig. E2). This results in radial polarization repre-

sented by [cos¢ sin ga]T, consisting of e~ [1 i]T and
e [1 —i}T. The Jones matrixes of [1 i]T and [1 —i]T
are used to denote the left-handed and right-handed cir-
cular polarization states.

Considering the dominant z-polarized state in cases 1
and 2 and the spin-orbital coupling in cases 3 and 4, the
near-field SF waves in the z — y plane by substituting
Eq.(S24) into Eq.(S18) could be expressed as

EspoN-1 o< X31 elm=—me

Esp.n.2 X X33 cos? pe! (m=m)¢

o~ o

= X33

1/1 1, 1 . ;
(5 + Zezmp + Ze—z&p) ez(m—n)ap
[sin 2<p} pi(m—n)e

| cos 2¢

7;2 i2¢ 1 _ =12 1 i(m—n)e
(]

[cos ® ei(m—n)cp
| sin

= %ng (67i“’ E] + et {_11}) etm=n)e
(S25)
The corresponding far-field SF waves based on Egs.(S20)

and (524) are

==

Esp.N-3 o X22

Esp.n.4 X X33

= 1 im—
ESF—F—l XX31 |:O:| ez(m n)d)Jm—n

o 1 1 i(m—n)e
Espp2 xx33 {O] {56 =

1 i(m—n 1 i(m—n—
+Z€ ( Jr2>¢Jm—n+2 + Ze ( 2)¢Jm—n—2}
=3 1 1 i(m—mn 1 i(m—n—
Esp.r.3 x5 X22 { [7} e [_J e'l 2)®J771—n—2}
- 1 1 itmen— 1| im—n
Espr.a X5 X33 { [7} el D 1 + {_7} el H)d)«]m—nﬂ}

(S26)
where J; is the g-order of Bessel beam, defined as

2
Ty hse R = [ emeettononon -2, (sa1)

The results of Egs.(S24) to (S26) are summarized in Ex-
tended Data Table E1.
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TFLN microring fabrication

General devices fabrication. In the experiment, micror-
ing devices are fabricated on both z-cut and z-cut TFLN
to perform generation and multidimensional control of
structured optical vortices. Extended Data Figure E3a
displays the fabrication processes. The devices are pre-
pared from commercial z-cut and z-cut TFLN wafers
(NANOLN inc.). These wafers consist of a 2 pm sil-
icon oxide interlayer and a 500 pm silicon substrate.
Electron-beam lithography patterns the microring and
waveguide using HSQ resist. After developing the pat-
tern, the TFLN is partially etched by argon-ion-based
reactive ion etching to create trapezoidal cross sections
for the microring and the coupling waveguide. The chip
is then cleaned with a buffered HF solution and RCA1
cleaning solution to remove any remaining HSQ resist
and etching redeposits. Finally, the chip facets are diced
to ensure optimal fiber-to-chip light coupling. Extended
Data Figure E3b,c show the SEM images of the fab-
ricated microring. The device parameters used in this
work are summarized in Extended Data Table E2. Gen-
eration of optical vortices via NCR can be observed in
most of the fabricated microrings (e.g. Samples 1 and 3)
with varying geometric parameters and Q-factors, while
generation of visible vortex combs requires carefully de-
signed dispersion and much higher Q-factors (e.g. Sam-
ple 3). Extended Data Figure E4 shows the transmission
spectra of the three microring along with the measured
quality factors for the TE and TM modes All the three
devices have quality factors up to 10°.

Details on fabrication of the z-cut microring for Kerr
soliton generation. To achieve the Kerr soliton in the LN
microring resonators, the anomalous dispersion is crucial
[41]. Since the material dispersion of LN is normal in the
communication band, it is necessary to design the cross-
section of the microring to make the structural dispersion
abnormal. The primary parameters affecting the struc-
tural dispersion are the top width, the etching depth,
and the radius of the microring. To mitigate bending
loss while expanding the spectral width of the soliton
microcomb, we set the radius of the microring at 80 pm.
Subsequently, to achieve broadband soliton microcomb,
the existence of the dispersive wave (DW) is important.
Both the width and the etching depth of the microring
can effectively change the location of DWs, while they re-
spectively have a different influence on DWs at high and
low frequencies. In our experiment, due to the nanoscale
uncertainty of the etching depth during the etching pro-
cess, engineering the dispersion by changing the micror-
ing width is more convenient and feasible. Therefore, we
fabricate a set of microrings of different widths on a chip
to ensure that the position of the DWs is relatively con-
trollable. In the main text, the width of the microring we
use is 1.45 pm and the etching depth is 340 nm. As shown



in Extended Data Fig. E5, the measured integrated dis-
persion (the orange dots) for Sample 3 in Extended Data
Table E2 is well consistent with the simulated one (the
blue curve), presenting zero integrated dispersion near
the wavelength of 1554 nm.

Experimental characterization of nonlinear optical
vortices

Ezxperimental setup for characterization of single-
wavelength optical vortices. The experimental setup for
recording the SF OAM and its spectrum is schemati-
cally shown in Extended Data Fig. E6. Two tunable
continuous-wave lasers at the C\L band are amplified by
Erbium Doped Fiber Amplifiers (EDFAs), with their po-
larization states independently controlled by fiber polar-
ization controllers (FPC). The fundamental beams from
these lasers are coupled into the same straight waveguide
through lensed fibers from the left and right ports, re-
spectively, exciting the CCW and CW resonator modes.
The vertically radiated SF optical vortices, produced
by the NCR-assisted nonlinear interaction between the
CCW and CW fundamental modes, are captured by a
CMOS camera to record the intensity patterns and col-
lected by a spectrometer to record spectra, respectively.
A quarter waveplate (WP) and a polarizer placed be-
hind the objective are used to select different polarization
states.

On-chip interference for measuring TC. An on-chip in-
terference method is proposed to measure the TC of the
SF optical vortex in cases 1 and 2. As shown in Ex-
tended Data Fig. E7, laser beams pass through a 2x2
fiber beam splitter (BS), that splits each input into two
outputs, and then are coupled into the waveguide from
the right and left ports. Consequently, the two funda-
mental beams with wavelengths A, and A, are simulta-
neously coupled into the right and left ports, respectively,
so that the CCW and CW modes contained both of the
two resonant wavelengths, leading to simultaneous gen-
eration of two SF optical vortices with the same wave-
length and polarization but reverse TCs. The radiated
SF intensity patterns presents as circularly distributed
petals due to interference between optical vortices with
lWGM = :I:(m — n)

Characterizing the visible vortex microcombs. The gen-
eration of infrared soliton microcombs in high-Q TFLN
resonators is a key process in creating broadband visible
OAM frequency combs. The generation process of soli-
ton microcomb in z-cut TFLN is simple by leveraging
the photorefractive effect, which is typically considered
a limiting factor but here is used to extend the soliton
existence range [42]. The process begins with a tunable
continuous-wave laser, whose power is increased until it
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reaches a threshold that allows for the formation of soli-
tons. As the laser frequency is adjusted to the soliton
step range, solitons can spontaneously form and stabi-
lize in the microring, exhibiting a broad spectral band-
width. To observe the SF vortex comb, a blazed grating,
a single-photon camera and an optical spectrum analyzer
(OSA) are added to the former experimental setup, as
illustrated in Extended Data Fig. E9. The formation of
the different types of solitons are coupled out by the fiber
lens and monitored by the OSA. The radiated SF vortex
combs, generated by the CCW infrared combs and the
additional CW fundamental beam, are collected by the
objective and directed into a spectrometer to measure
the spectrum. The vortex combs are then analyzed by
the spatial dispersion modulus, where the vortex comb
lines are spatially separated by the blazed grating before
being captured by the single-photon camera.
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EXTENDED DATA

case 1: x-cut, TM-TM case 2: x-cut, TE-TE case 3: z-cut, TE-TE case 4: z-cut, TM-TM
90° 90° 90° 90°
120° 60° 120° 60° 120° 60° 120° 60°
10 40 4 40
150° 30°  150° 30°  150° 30°  150° 30°
180° 0° 180° % 0° 180° 0° 180° ? 0°
210° 330° 210° 330° 210° 330° 210° 330°
240° 300° 240° 300° 240° 300° 240° 300°
270° 270° 270° 270°
Xeffx Xeff,y Xeffz

FIG. E1. Effective nonlinear coefficients dependent on the azimuthal angle for the four cases. The non-zero
nonlinear coefficients of the TFLN are set to with x22 = 4 pm/V, x31 = x15 = 10 pm/V, and x33 = 40 pm/V.
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Dipole

A

FIG. E2. Simulation on extraction of nonlinear emissions induced by z-component of the nonlinear polarization
into the z — y plane by using finite-different time-domain (FDTD). (a) Schematic diagram of the dipole model
representing the SH sources in the cylindrical coordinate for far-field analysis. z-polarized dipoles azimuthally distributing
around a circle in the cylindrical coordinate (p, ¢, z) represent the sources of generated SH waves. Here, p and ¢ are the polar
radius and azimuthal angle, respectively, while z denotes the distance from microring plane. A monitor is placed above the ring
to collect the radiated SH field in the plane perpendicular to the z-axis. (b) The simulated SH far-field intensity distribution,
horizontal (y—) polarized intensity distribution and vertical (z—) polarized intensity distribution, respectively. The rotation
of 90° between z-polarization and y-polarization reveals a a cylindrical vector beam [Cosgo sin LP]T, agree excellently with the

experiment results in Fig. 21,m.
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FIG. E3. Fabrication processes of the LN microring and their SEM images. (A) Fabrication process; (B-C) Top-view
and cross-section SEM images of a typical LN microring.
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FIG. E4. Transmission spectra and quality factors of the devices. (a) Sample 1, z-cut microring for generation of

scalar SF vortices in cases 1 and 2; (b) Sample 2 z-cut microring for generation of vector SF vortices in cases 3 and 4; (c)
Sample 3 for generation of visible vortex microcombs.
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FIG. E5. Simulated and measured integrated dispersions of the z-cut microring (Sample 3) for generation of
Kerr soliton.
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FIG. E6. Schematic of the experimental setup for characterizing the radiated SH fields or SF vortex fields. WP:

waveplate; EDFA: Erbium Doped Fiber Amplifier; BS: beam splitter; FPC: fiber polarization controllers.
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FIG. E7. Schematic of TC measurement in cases 1 and 2 via on-chip interference. Fiber BS: 2x2 Fiber beam

splitter.
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FIG. E8. Thermal tuning of three resonant TM modes for the z-cut microring (Sample 1). The microring is placed
on the platform with a temperature controller in the fiber-waveguide coupling system. As the temperature increased from 30°C
to 100°C, the resonant wavelength for the same mode order exhibits a redshift of approximately 0.8 nm. This shift is larger
than half of the free spectral range (1.4 nm for Sample 1), allowing for compensation of the SF wavelength difference for SF
optical vortices with even and odd TCs, as shown in Fig. 4d.
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FIG. E9. Experimental setup for producing and characterizing the visible vortex microcombs. WP: waveplate;
EDFA: Erbium Doped Fiber Amplifier; BS: beam splitter; FPC: fiber polarization controllers; M: mirror.



Table E1. Second-order nonlinear polarization and corresponding radiated SF vortices.
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Effective nonlinear coefficients

Dominant angle-

dependent
_ . o Generated OAM
NCR Fott = 1@ pép nonlinear Far-field SF radiation states using ket
processes polarization in the in x-y plane .
. notation
x-y plane using
Xeffx Xeffy Xeff.z Jones matrix
Case 1 .
x-polarization X31 [1] eltm-maoy
x-cut, —X31 —X22 / [1 o]t 0 [V,m —n)
TM+TM
11(1 .. 1
X33 [0] {Eel(m n)¢]m—n E |V'm - Tl)
Case 2 5 5 larizati 1 1
—X31 Sin sin x-polarization .
Xx-cut, _X31 COSZ(p {22 Siripz / p[l O]T + Z el(m_n+2)¢]m—n+2 Z |V, m-—n-+ 2)
TE+TE X33 P| — X1s % ) )
+ 4 ei(m_n_2)¢]m—n—2} 2 [V,m —n—2)
: H 1 1 i(m-n+2)¢ 1
Case 3 Cylindrical vector 5 X2 {[l] e Jm—n+2 5 |IL,m—n+2)
z-cut, X22SIN2¢Q | Xu2 COS2¢ / beam
; T 1 i(m-n-2)¢ 1
TE+TE [sin2¢ cos2¢]" | — [_i] e ]m-n—z} > IR,m—n-—2)
lindrical 1 1 i(m-n-1)¢ 1
Case 4 Cylindrical vector 5)533 {[l] e Jm—n-1 > IL,m—n—1)
z-cut, / / X33 beam X
TM+TM [cosp sing]T | + [ 1,] ei(m'"+1)¢]m_n+1} 3 [Rm—n+1)

—l




Table E2. Key parameters of the microring devices used in the experiments.

Sample No. Sample 1 Sample 2 Sample 3
TFLN x-cut z-cut z-cut
Wrineg =1.9 pm Wring =1.45 pm Wrine =1.45 pm
Geometric ring I ring I ring I
hy = 500 nm hy =360 nm hy =360 nm
parameters of the b =100 b =220 b =220
P =100 nm =220 nm =220 nm
Microring cross-section 2 2 2
a =75° a =55° a =57°
Radius R =115 um R =60 um R =80 um

Width of Coupling waveguide

Wyg = 1.9 um

Wyg = 0.8 um

Wyg = 0.8 pm

Coupling gap 0.3 pum 0.6 pm 0.6 pm
Quality factor (TE) 1.4 x 105 5.5 x 10° 7.2 x 105
Quality factor (TM) 1.4 x 10° 3.2 x 10° 5.8 x 10°

Repetition rate at C\L band 175 GHz (1.4 nm) 325 GHz (2.6 nm) 250 GHz (2 nm)
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