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Abstract: Vortex beams characterized by helical phase wavefronts enable innovative explo-
rations of optical and physical interactions. This work experimentally realizes longitudi-
nally polarized vortices with arbitrary topological charges in terahertz (THz) frequencies
using a silicon ring resonator integrated with a second-order diffraction grating. The
implemented configuration enables flexible topological charge manipulation in longitu-
dinally polarized electric fields through the excitation of quasi-transverse-magnetic (TM)
waveguide modes with different frequencies. By employing a terahertz near-field measure-
ment system, the spatial intensity patterns and phase characteristics of emitted waves are
quantitatively analyzed via a precision probe. This strategy shows promising potential for
applications in particle manipulation techniques and advanced imaging technologies.
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1. Introduction

In the realm of vortex beams, photons carry two types of angular momentum: spin
angular momentum (SAM) and orbital angular momentum (OAM). The SAM represents
the polarization state of light, whereas OAM signifies the spiral phase distribution [1].
With the helical phase of vortex beams characterized as exp(il¢), each photon carries an
OAM of 1i. This imparts a doughnut-shaped intensity profile owing to the phase uncer-
tainty at the vortex beam’s center. The ability of vortex beams has sparked significant
research interest, finding extensive applications in optical communication [2], optical tweez-
ers [3], super-resolution imaging [4], and quantum information coding [5]. The generation
of vortex beams is often accomplished through spiral phase plates [6], holography [7],
and metasurfaces [8]. When a paraxial beam undergoes tight focusing, a longitudinal
electric field component forms within the focal region [9,10]. A radially polarized field
focused by a high numerical aperture (NA) lens yields a longitudinal electric field in the
focal area, whilst azimuthal polarization induces a powerful magnetic field on the optical
axis [11,12]. Other intriguing optical phenomena, like longitudinal polarization optical
needles [13] and longitudinal vortex knots and links [14], have also been reported. These
longitudinal electric fields offer promising applications in particle acceleration [15,16] and
harmonic generation [17], among others. Recent advances utilizing integrated microring
resonators featuring gratings have been employed to generate vortex light [18,19]. Despite
significant progress in understanding transverse electric field radiation, the longitudi-
nal counterpart remains underexplored, constrained by excitation control challenges and
measurement constraints.
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In this work, we propose a compact integrated THz resonator incorporating a grating
structure to generate longitudinal electric field vortices through quasi-TM mode excitation.
The method redirects whispering gallery modes (WGMSs), which are typically confined
within the ring resonator, out into free space via azimuthally periodic refractive index
modulation. This mechanism produces electric field vortex beams with helical phase
fronts, providing fresh insights into photonic interactions and physical processes. Unlike
the previous design schemes mainly based on transverse electric field vortex light, our
design enables a longitudinally polarized vortex electric field through the excitation of TM
waveguide modes and topological charge control at varying operational frequencies. By
using a terahertz near-field scanning system with subwavelength resolution probes, this
method quantitatively maps both the spatial intensity distribution and phase profile of
the radiation. This platform demonstrates promising applicability in microscale particle
manipulation techniques and advanced imaging technologies.

2. Principles and Methods

Figure 1a provides an illustrative representation of the designed longitudinal electric
field vortex beam emitter on a silicon platform. The ring resonator is formed by a ridge-type
silicon waveguide that is 450 pm wide and 400 pm high and placed over a 130 um slab.
The radius of the resonator is 6.9 mm, while 72 grating elements are positioned along the
inner sides of the ring waveguide. The grating period is approximately 582.44 um. The
duty cycle is 0.45. There is a 100 um gap separating the bus waveguide from the ring
resonator. The ridge waveguide structure features uniform cross-sectional dimensions of
400 pm (height) x 400 um (width). The fabricated device’s optical microscope images
are presented in Figure 1b. The device was fabricated on a 4-inch double-side polished
intrinsic silicon wafer (resistivity: 20 kQ)-cm) through a lithographic process. First, a 1.3 pm
thick SiO; layer was deposited on the silicon wafer via plasma-enhanced chemical vapor
deposition (PECVD). Subsequently, the grating and ring resonator patterns were defined
on the SiO; hard mask using reactive ion etching (RIE). The silicon substrate was then
structured through inductively coupled plasma (ICP) etching. Finally, the processed wafer
was diced into discrete devices for characterization.

Port 1
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Figure 1. An illustration of the concepts. (a) The schematic of the designed longitudinal electric field

vortex beam emitter. (b) Optical microscope images of the fabricated device.
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In this configuration, a TM mode wave—where the dominant electric field component
is oriented along the z-direction—is evanescently coupled from the bus waveguide into the
ring resonator, stimulating WGMs. Angular gratings, functioning similarly to second-order
gratings in straight waveguide input/output couplers, scatter the guided wave through
their periodic elements. A portion of the scattered energy undergoes phase-matched
interference along a specific azimuthal direction ¢, generating a tilted planar wavefront
at angle ¢. Critically, when such a grating-integrated waveguide is bent into a ring
configuration to support WGMs, Huygens’ principle dictates that the radiated wavefront
transitions from planar tilting to helical propagation, which is indicative of OAM-carrying
beams. This transformation is physically implemented through azimuthally periodic
subwavelength grating elements etched along the resonator circumference, which impose
a controlled phase modulation. WGMs represent angular momentum eigenstates with
discrete azimuthal propagation constants vwgm = BpR = p, arising from the self-consistent
phase requirement for resonance under the periodic boundary condition. The integer p
denotes the azimuthal mode number, where R is the effective radius of the WGM, and B, is
the propagation constants at R. The coupling between guided WGMs and radiation modes
can be described by the coupled mode theory (CMT), where periodic dielectric constant
variations act as perturbations coupling the unperturbed eigenmodes. Equation (1) presents
the angular phase matching condition with g representing the diffraction order [18]:

Vrad = YWGM — 89 g==1,£2,... 1)

where q denotes the number of grating periods within the resonator circumference. The
implementation of a second-order grating on the WGM resonator enables the second-order
diffraction to reflect light into counter-propagating waveguide modes, while the first-
order diffraction (g = 1) facilitates outcoupling at a 90° angle, generating a surface-normal
propagating field. Hence, when light is injected from the right input port (Port 1), it excites
clockwise (CW) propagating WGMs. The topological charge (ltc) of the emitted OAM
beam in the E, component can be derived from Equation (2) [18]:

Irc ==%(p —q) @)

Due to the z-polarized nature of the quasi-TM mode in the bus waveguide, the radiated
vortex beam exhibits a dominant energy concentration in the longitudinal electric field
component E,, which is selectively detected using a THz near-field probe optimized for
longitudinal polarization sensitivity.

3. Results

To characterize the device’s performance, we performed numerical simulations of
its radiation electric field distribution using a commercial finite-difference time-domain
(FDTD) solver (Lumerical Solutions, Inc.). The simulation setup is configured as follows:
perfectly matched layer (PML) boundary conditions are applied; the mesh is dynamically
generated using an auto-non-uniform algorithm; the absolute global minimum mesh step
size (a lower bound for localized refinement) is set to 0.00025 um; and a TM-polarized
waveguide source is used for excitation. Figure 2a shows the z-polarization simulated
electric field distribution of the quasi-TM mode in the bus waveguide. Figure 2b presents
the simulated quasi-TM mode transmission spectrum, showing pronounced WGM res-
onances indexed by their topological charge Itc. The transmission spectrum represents
the ratio of the output power at port 2 to the input power at port 1 in the bus waveguide.
The topological charge Itc of emitted OAM beams follows Equation (1), establishing a
frequency-dependent OAM control as illustrated by spectral markers in Figure 2b: at reso-
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nance frequencies of 173.8 GHz (lt¢c = —3), 175.45 GHz (Itc = —2), 177.2 GHz (I1c = —1),
and 178.65 GHz (Itc = 0). Notably, the extinction ratio (ER) of different topological charges
exhibits some fluctuations, which may stem from computational precision limitations and
the inherent frequency dependence of the grating radiation efficiency and bus-ring cou-
pling coefficient. The free spectral range (FSR) is 1.65 GHz. Calculated quality factors (Q)
exhibit mode-specific variations, revealing distinct modal loss profiles: 579.33 (Irc = —3),
701.80 (Irc = —2), 738.33 (Irc = —1), and 425.36 (Itc = 0).
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Figure 2. (a) The simulated E, electric field distribution of the quasi-TM mode in the bus waveguide.
(b) The simulated transmission spectrum of the THz vortex emitter for the TM mode. Note that the
red circular annotation indicates the topological charge lyc, and the corresponding phase result is
marked below it.

Figure 3 illustrates the simulated intensity and phase distributions (E,) of the radiated
vortex beam, alongside the mode field distribution across the cross-section of the grating-
integrated ring resonator, corresponding to topological charges Itc = —3, —2, —1, and 0.
Their electric field intensities (E,) are normalized according to their respective maximum
values. Furthermore, the mode field distribution within the grating structure demonstrates
that each topological charge (Itc) corresponds to a distinct resonant excitation frequency
of the WGM. The characteristic doughnut-shaped intensity profiles and helical phase
discontinuities validate the formation of longitudinally polarized optical vortices. The
Itc = 0 configuration displays a Gaussian-like intensity pattern with negligible OAM, acting
as a null-reference for vortex verification.

The near-field experimental test system consists of the R&S ZNA26 vector network
analyzer (VNA), a two-dimensional motor platform, two WR-5.1 waveguides, and two
WR-5.1 140-220 GHz VNA frequency extenders, as shown in Figure 4. A WR-5.1 metallic
waveguide is connected to the frequency extenders. The metallic waveguide couples
vertically polarized waves into the bus waveguide via position alignment, exciting its quasi-
TM mode. Energy from the WR-5.1 waveguide propagates through the bus waveguide and
evanescently couples to the ring resonator. Then, it is radiated via the integrated grating,
enabling OAM beam excitation. The receiver is composed of a WR-5.1 metal waveguide
and a waveguide coaxial conversion probe. The probe is located at approximately one
wavelength from the chip and is perpendicular to the device. The near-field probe can
be used to detect z-polarized THz waves. The movement of the probe is controlled by
a two-dimensional motor to achieve planar scanning of 5 x 5 mm? to obtain the THz
intensity and phase distribution.
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Figure 3. (a,b) The simulated near-field distributions and (c) mode field distribution within the
grating structure of the z-polarization components for our device with the corresponding ltc. Note
that Itc = p — q is the topological charge, where p is the azimuthal order of WGM, and q is the
number of grating elements.
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Figure 4. Experimental setup for device near-field characterization.

The transmission spectrum of the device was measured for the TM polarization using
the method detailed in our prior work [20,21]. In a rectangular metallic waveguide, the
electric field polarization aligns parallel to the shorter sidewall. We selectively excite quasi-
TE or quasi-TM modes by orthogonally orienting the frequency extender’s feed structure
relative to the waveguide cross-section. Two such waveguides are positioned at opposite
ends of the device’s straight waveguide section, serving as THz wave input and output
ports. A high-precision displacement stage actively optimizes the waveguide-device
alignment, ensuring maximum coupling efficiency through real-time transmission power
monitoring. The measured transmission spectrum is shown in Figure 5a. By comparing
the experimental transmission spectrum with the simulation results, it can be observed
that the FSR of the experiment is 0.038 GHz bigger than the simulation result, which is
1.688 GHz. The experimental result of the resonant frequency corresponding to the zero-
order topological charge has shifted by 0.56 GHz in the high-frequency direction compared
with the simulation result. To generate the transmission spectral response, the frequency
was swept from 170 GHz to 180 GHz in 0.01 GHz increments. At resonance frequencies
of 174.17, 175.77, 177.44, and 179.22 GHz, the device exhibits It¢ values of —3, —2, —1,
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and 0, respectively. The near-field distribution was characterized via scanning using a
subwavelength-resolution probe, displaced across the transverse plane (x-y), enabling
the acquisition of the amplitude and phase profiles presented in Figure 5b. The scanning
plane encompassed an area of 5 x 5 mm?, effectively covering the primary radiation
region of the device. Notably, the measured x-o-y plane displayed distinctive doughnut-
shaped intensity distributions, while the phase distributions exhibited OAM patterns.
Although slight variations in intensity and inhomogeneity were observed, the qualitative
agreement between the measured intensity and phase distributions and the simulation
results indicated the successful generation of vortex beams.
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Figure 5. (a) The experimental transmission spectrum; the red circular annotation indicates the
topological charge Itc. (b) Measured near-field distributions of the z-polarization components for
our device with the corresponding Irc.

4. Discussion

The observed radiation intensity nonuniformity of the simulations and experiments
(Figures 3 and 5) stem from the uniform grating structure. The designed grating exhibits
a strong and consistent radiation efficiency across its entire azimuthal span. However,
this leads to significant energy emissions from the input region as light initially enters the
resonator. Consequently, the energy available for the subsequent propagation diminishes
progressively, resulting in the gradual attenuation of the radiation intensity along the
resonator’s circumference. Experimental results further amplify this nonuniformity due
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to fabrication errors and material inhomogeneity. To address this, future designs could
incorporate azimuthally chirped gratings to spatially modulate the radiation efficiency. By
intentionally reducing the grating coupling strength near the input region and gradually
increasing it along the propagation path, such gratings can mitigate early-stage energy
radiation and enhance uniformity. The degraded circular symmetry in experimental results
(Figure 5) arises from two factors: (1) stray electromagnetic waves caused by waveguide
coupling leakage which interfere with the target signal and (2) the finite spatial resolution
of the near-field probe, which distorts azimuthal phase profiles at high topological charges.
Despite these discrepancies, key qualitative features are consistent across simulations and
experiments. Both confirm helical phase structures for OAM charges (Itc = —3, -2, —1,
0) and intensity minima at the vortex core (Figure 3 vs. Figure 5), validating the phase
singularity mechanism.

Furthermore, a comparison between the experimental transmission spectrum and
simulation results reveals a 0.038 GHz increase in the FSR (1.688 GHz measured vs. 1.650
GHz simulated). This discrepancy primarily arises from fabrication-induced deviations in
the group index and ring circumference of the grating-integrated resonator, caused by the
material refractive index and structural variations. Additionally, refractive index variations
induce resonant frequency shifts. For instance, the resonant position corresponding to the
zero-order topological charge exhibits a 0.56 GHz frequency shift between the experiment
and simulation.

In addition, we used a contour integral to calculate the mode purity of different
topological charges under analytical, simulated, and experimental conditions. The results
are summarized in Figure 6a—d. Although the primary modes remain consistent across
analytical, simulated, and experimental cases, the simulated mode purity slightly decreases
compared to analytical predictions. Experimental results exhibit further purity degradation
(e.g., 67.4% reduction at Itc = —3) caused by stray light interference and measurement
uncertainties. Future improvements in the device design (e.g., optimized grating cou-
pling coefficients) and advanced characterization techniques are expected to enhance the
purity performance.

Normalized Purity
Normalized Purity

Normalized Purity
Normalized Purity

he=0

Figure 6. The mode purity calculation of the simulated, experimental, and analysis OAM modes for
(@) Itc = =3, (b) Irc = =2, (¢) Irc = —1, and (d) Itc = 0.
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5. Conclusions

In summary, we have developed and demonstrated an integrated longitudinal polar-
ization vortex emitter operating in the THz frequency range. This emitter allows for the tun-
ing of topological charges via changing frequencies. Comprehensive numerical simulations
and near-field measurements have been conducted to validate this approach and investi-
gate the electric field and phase properties of the emitter. In the experiment, vortex beams
with topological charges of —3, —2, —1, and 0 were successfully generated. These results
highlight the promising potential of THz-integrated longitudinal polarization vortex beam
chips in various applications, including the sensing and advanced imaging technologies.

Author Contributions: J.X. initiated the idea. M.]. and T.W. conducted the numerical simulations.
M.J. and T.W. performed the measurements. M.]., TW. and J.X. prepared the manuscript. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China grant
number 62275155 and the Shanghai Rising-Star Program grant number 24QA2703200.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data that support the findings of this study are available from the
corresponding author upon reasonable request.

Conflicts of Interest: The authors declare no competing interests.

References

1. Allen, L.; Barnett, S.M.; Padgett, M.]. Optical Angular Momentum; CRC Press: Boca Raton, FL, USA, 2003.

2. Jian, W. Advances in communications using optical vortices. Photon. Res. 2016, 4, 14-28.

3. Pesce, G.; Jones, PH.; Marago, O.M.; Giovanni, V. Optical tweezers: Theory and practice. Eur. Phys. ]. Plus 2020, 135, 949.
[CrossRef]

4. Jungmann, R.; Avendafio, M.; Dai, M.; Johannes, B.W.; Sarit, S.A.; Zachary, F; Avital, R.; Peng, Y. Quantitative super-resolution
imaging with qPAINT. Nat. Methods 2016, 13, 439—-442. [CrossRef] [PubMed]

5. Bennett, C.; DiVincenzo, D. Quantum information and computation. Nature 2000, 404, 247-255. [CrossRef] [PubMed]

6.  Ruffato, G.; Massari, M.; Romanato, F. Generation of high-order Laguerre-Gaussian modes by means of spiral phase plates. Opt.
Lett. 2014, 39, 5094-5097. [CrossRef] [PubMed]

7. Wolfgang, O.; Ahmad, F; Peng, G.; Klaus, K.; Dinesh, N.; Giancarlo, P.; Alok Kumar, S.; Mitsuo, T.; Marc, W. Recent advances in
digital holography. Appl. Opt. 2014, 53, 44-63.

8.  Zhang, Y,; Liu, W,; Gao, |.; Yang, X. Generating focused 3D perfect vortex beams by plasmonic metasurfaces. Adv. Opt. Mater.
2018, 6, 1701228. [CrossRef]

9.  Youngworth, K.S.; Brown, T.G. Focusing of high numerical aperture cylindrical-vector beams. Opt. Express. 2000, 7, 77-87.
[CrossRef] [PubMed]

10. Dorn, R.; Quabis, S.; Leuchs, G. Sharper Focus for a Radially Polarized Light Beam. Phys. Rev. Lett. 2003, 91, 233901. [CrossRef]
[PubMed]

11.  Quabis, S.; Dorn, R.; Eberler, M.; Glockl, O.; Leuchs, G. Focusing light to a tighter spot. Opt. Commun. 2000, 179, 1. [CrossRef]

12.  Zurita-Sanchez, J.R.; Novotny, L. Multipolar interband absorption in a semiconductor quantum dot. II. Magnetic dipole
enhancement. J. Opt. Soc. Am. B 2002, 19, 2722. [CrossRef]

13.  Wang, H,; Shi, L.; Lukyanchuk, B.; Sheppard, C.; Chong, C.T. Creation of a needle of longitudinally polarized light in vacuum
using binary optics. Nat. Photonics 2008, 2, 501. [CrossRef]

14. Maucher, E; Skupin, S.; Gardiner, A.S.; Hughes, G.I. Creating Complex Optical Longitudinal Polarization Structures. Phys. Rev.
Lett. 2018, 120, 163903. [CrossRef] [PubMed]

15. Kimura, D.W,; Kim, H.G.; Romea, D.R,; Steinhauer, C.L.; Pogorelsky, V.I.; Kusche, P.K.; Fernow, C.R.; Wang, X,; Liu, Y. Laser
Acceleration of Relativistic Electrons Using the Inverse Cherenkov Effect. Phys. Rev. Lett. 1995, 74, 546. [CrossRef] [PubMed]

16. Novotny, L.; Beversluis, M.R.; Youngworth, K.S.; Brown, T.G. Longitudinal Field Modes Probed by Single Molecules. Phys. Rev.
Lett. 2001, 86, 5251. [CrossRef] [PubMed]

17.  Biss, P.D.; Brown, G.T. Polarization-vortex-driven second-harmonic generation. Opt. Lett. 2003, 28, 923. [CrossRef] [PubMed]


https://doi.org/10.1140/epjp/s13360-020-00843-5
https://doi.org/10.1038/nmeth.3804
https://www.ncbi.nlm.nih.gov/pubmed/27018580
https://doi.org/10.1038/35005001
https://www.ncbi.nlm.nih.gov/pubmed/10749200
https://doi.org/10.1364/OL.39.005094
https://www.ncbi.nlm.nih.gov/pubmed/25166082
https://doi.org/10.1002/adom.201701228
https://doi.org/10.1364/OE.7.000077
https://www.ncbi.nlm.nih.gov/pubmed/19404372
https://doi.org/10.1103/PhysRevLett.91.233901
https://www.ncbi.nlm.nih.gov/pubmed/14683185
https://doi.org/10.1016/S0030-4018(99)00729-4
https://doi.org/10.1364/JOSAB.19.002722
https://doi.org/10.1038/nphoton.2008.127
https://doi.org/10.1103/PhysRevLett.120.163903
https://www.ncbi.nlm.nih.gov/pubmed/29756941
https://doi.org/10.1103/PhysRevLett.74.546
https://www.ncbi.nlm.nih.gov/pubmed/10058785
https://doi.org/10.1103/PhysRevLett.86.5251
https://www.ncbi.nlm.nih.gov/pubmed/11384470
https://doi.org/10.1364/OL.28.000923
https://www.ncbi.nlm.nih.gov/pubmed/12816247

Photonics 2025, 12, 505 90f9

18. Cai, X.; Wang, J.; Strain, M.].; Cai, X.; Wang, J.; Strain, M.].; Johnson-Morris, B.; Zhu, J.; Sorel, M.; O’Brien, L.].; et al. Integrated
compact optical vortex beam emitters. Science 2012, 338, 363-366. [CrossRef] [PubMed]

19. Xie, J.; Qian, J.; Wang, T.; Zhou, L.; Zang, X.; Chen, L.; Zhu, Y.; Zhuang, S. Integrated terahertz vortex beam emitter for rotating
target detection. Adv. Photonics 2023, 5, 066002. [CrossRef]

20. Xie, J.; Zhu, X,; Zang, X.; Cheng, Q.; Chen, L.; Zhu, Y. Terahertz integrated device: High-Q silicon dielectric resonators. Opt. Mater.
Express. 2018, 8, 50-58. [CrossRef]

21. Xie, ].; Zhu, X,; Zhang, H.; Zang, X.; Chen, L.; Alexey, V.B.; Alexander, P.S.; Zhu, Y. Terahertz-frequency temporal differentiator
enabled by a high-Q resonator. Opt. Express. 2020, 28, 7898-7905. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1126/science.1226528
https://www.ncbi.nlm.nih.gov/pubmed/23087243
https://doi.org/10.1117/1.AP.5.6.066002
https://doi.org/10.1364/OME.8.000050
https://doi.org/10.1364/OE.387775
https://www.ncbi.nlm.nih.gov/pubmed/32225424

	Introduction 
	Principles and Methods 
	Results 
	Discussion 
	Conclusions 
	References

