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Abstract: In this paper, we propose and demonstrate an all-fiber high-efficiency focused vortex
beam generator. The generator is fabricated by integrating a kinoform spiral zone plate (KSZP) on
the top of the composite fiber structure using fs-laser two-photon polymerization 3D nanoprinting.
The KSZP with spiral continuous-surface relief feature is designed by superimposing a spiral
phase into a kinoform lens, which can efficiently concentrate and transform an all incident
beam to a single-focus vortex beam, without the undesired zero-order diffracted light and extra
high-order focus. Under arbitrary polarized light incident conditions, experiment results show
that the focusing efficiency and vortex purity of the all-fiber generators are over 60% and 86%,
respectively, which is much higher than that of a traditional binary SZP integrated on an optical
fiber facet. In addition, characteristics of the generated vortex beam, such as focal spot, focal
length and vortex topological charge are numerically designed and experimentally investigated.
The experimental results agree well with the numerical simulation model using the FDTD
algorithm. Due to the compact size, flexible design, polarization insensitivity, high focusing
efficiency and high vortex purity, the proposed all-fiber photonic devices have promising potential
in optical communication, particle manipulation and quantum computation applications.

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

1. Introduction

Optical vortices have been an enticing topic for theoretical and applied research due to unique
optical properties such as the helical wavefront and orbital angular momentum (OAM) [1]. It has
been widely applied in fields of laser communication [2,3], super resolution microscopy [4,5],
kinematic micromanipulation [6] and quantum information processing [7]. Nowadays, various
methods have emerged to generate this kind of unique beam, such as cylindrical mode converter
[8], spiral phase plate [9], metasurface [10], and spatial light modulator [11]. Especially, the
vortex beam generation based on diffractive optical elements has been widely accepted for their
low cost, light weight, easy integration, etc. Futhermore, these diffractive optical elements have
only a wavelength-level thickness and have played a crucial role in the optical communication
and interconnection applications of vortex beams.

Up to now, a great of effort have been devoted to directly generating focused vortex beams
for various applications, such as vortex optical tweezers [12,13] and super-resolution imaging
[14]. The spiral zone plate (SZP) is a typical hybrid diffractive optical element and was first
proposed by Heckenberg et al. to generate a focused vortex beam [15]. It can be considered as a
simple combination of spiral phase plate and Fresnel zone plate (FZP) [16]. However, similar
to a FZP [17], the conventional SZP is a binary diffractive element and its focusing efficiency
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is only up to 10% of the incident beams. In addition to the desired 1st order focus for their
design, the beam energy transmitted from SZP is also dispersed into its zero-order and extra
multiple high-order focuses [18]. This undesired light not only seriously reduces the energy
efficiency, but also causes a high background noise. In addition, the vortex topological charge of
the high-order focus is several times that of the 1st order focus. Therefore, the vortex purity of
the output beam is very low due to the coaxial transmission of all diffracted light. Although SZP
has been invented for many years, its low focusing efficiency and vortex purity at the designed
focus position limit its use in micro-optical systems.

To improve the focusing efficiency of diffractive elements, many methods have been reported,
such as the stratified volume diffraction [19], total internal reflection [20], staircase microstructures
[21], polarization modulating structures [22], and optical meta-surfaces [23]. Taking the form of
a kinoform lens is the most direct and reliable method for high-efficiency focusing diffractive
element [24,25]. Focusing efficiency of the kinoform-lens-based on devices dependents on
the continuity of surface relief profile of the purely phase shift material. In theory, the perfect
continuous-surface relief profile can make the kinoform lenses to achieve an extremely high
focusing efficiency of 100%. Various fabrication technologies including e-beam lithography [26],
gray-scale focused ion beam lithography [27–29], and laser-induced refractive index modification
[30,31] have been used to realize this diffractive optical elements on different substrate materials
(e.g., Sapphire [30] and Silicon nitride membrane [27]). However, these traditional technologies
have low processing efficiency, and the optical performance of processed elements is greatly
affected by the inclination and flatness of substrate material.

Recently, the way to produce arbitrary geometry structures with sub-micrometer scale based
on two-photon polymerization (TPP) has emerged thanks to advances in materials chemistry
and laser technology [32–35]. The powerful preparation technique uses nonlinear absorption
of the photons from an intense infrared fs-laser source to produce a subwavelength interaction
volume down to a few tens of nanometers [36,37]. Therefore, prepared geometrical structures
are in perfect agreement with the theoretical design and give the structures excellent optical
properties. For example, from the perspective of using SZP to efficiently generate focused vortex
beams, the fabrication of Gabor SZP with cosine continuous-surface on SU-8 photoresist by
fs-laser TPP nanoprinting was proposed by Tian et al. to realize a single-focus [38]. Similarly,
a high-performance multi-OAM generator with a hybrid continuous-surface profile was also
fabricated by Hu et al. via the same processing technology for the generation of multiple
vortex beams along the optical axis [39]. In addition, a commercially available two-photon
polymerization micro-nano processing system was equipped the galvo-mirror subsystem to
control the fs-laser deflection enabling a fast 3D nanoprinting [40].

The rapid progress in the fs-laser 3D nanoprinting technology based on the TPP mechanism
has aroused widespread interest in the design and preparation of high-efficiency micro-nano
diffractive optical elements. Based on this processing technology, we prepare a kinoform spiral
zone plate (KSZP) on the top of the composite fiber structure composed of a single mode fiber
and a quarter pitch graded index fiber in this paper. The KSZP has a spiral continuous-surface
relief structure, and it was designed by superimposing a spiral phase into the traditional kinoform
lens. Due to its unique optical modulation effect, the light propagating inside optical fiber can
be converted into a single-focus vortex beam with high focusing efficiency and vortex purity.
We believe that the proposed photonic device will be a promise all-fiber focused vortex beam
generator. It can be used in fields of OAM optical communication, particle manipulation and
quantum computing. Firstly, we introduce the theoretical design method and experimental
preparation process of the all-fiber generators. Then, we investigate their output characteristics
such as focal spot, focal length, vortex topological charge, focusing efficiency, and vortex purity
by numerical simulation and experiment.
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2. Theoretical design and experimental preparation

The schematic of all-fiber generator is shown in Fig. 1(a). We first spliced an 80 mm long single
mode fiber (SMF) (8.2/125 µm, Corning G652D) to a segment of graded-index multimode
fiber (GIF) (62.5/125 µm, Yangtze Optical Fiber GI0.275). And then, the GIF was cut to a
quarter-pitch length (245± 3 µm) with a computer-controlled fiber precision cleaving system
[41]. Subsequently, the KSZP with a cylindrical base was polymerized onto the GIF facet using
fs-laser nanoprinting technology. In theory, the light propagating in the SMF will be expanded
and collimated in the GIF segment, and then the polymerized KSZP will converte the collimated
beam to a single-focus vortex beam. The KSZP was designed with an operating laser wavelength
λ= 1550 nm, focal length f= 30 µm, and diameter size D= 62.5 µm. Its phase function can be
considered as the phase function product of spiral phase plate and traditional kinoform lens,
expressed as follows [38]

φKSZPℓ (r, φ) = ℓφ −
πr2

λf
, (1)

where ℓ represents the microstructure topological charge (or the number of spiral arms), and (r,
φ) refer to the polar coordinates. The polymerized KSZP has the height profile of

hKSZPℓ (r, φ) =
λ

2π(nm − nair)
mod [φKSZPℓ (r, φ), 2π] + h0, (2)

where nm and nair are the refractive indices of KSZP material and surrounding air, respectively.
The refractive index nm was set to 1.48, which mainly refers to the experimental data in literatures
[42] and [43]. In order to overcome the slight inclination and unevenness of GIF facet, a
cylindrical base of height h0 = 20 µm was added below the KSZP. Figure 1(b) shows the phase
distributions and 3D profiles of different KSZP (ℓ =-1, 0, 1, 2) microstructure. The diameter and
maximum height of KSZP microstructures are 62.5 µm and 23.23 µm, respectively. The output
characteristics of these all-fiber generators can be adjusted by varying the structural parameters
of KSZP.

Fig. 1. (a) Schematic illustration of all-fiber focused vortex beam generator. (b) (up row)
Phase profiles of the KSZP with different microstructure topological charge (ℓ = -1, 0, 1, and
2) and (down row) the corresponding computer-aided design 3D profiles of the KSZP with a
cylindrical base.

We fabricated KSZP microstructure on the GIF facet by using a commercially available
nanoprinting system (Photonic Professional GT, Nanoscribe GmbH) [40]. As shown in Fig. 2(a),
the printing laser (780 nm center wavelength, ∼100 fs pulse width, and 80 MHz pulse repetition
rate) was focused into the IP-L780 photoresist with an oil immersion objective (Carl Zeiss, 63×,
NA= 1.4). The composite fiber structure was fixed with a homemade fiber holder and one can
adjust the distance between the GIF facet and the thin microscope coverslip with micrometer
precision. The IP-L780 photoresist and the index-matching oil were deposited on both the upper
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and lower surfaces of the microscope coverslip with 170 µm thick, respectively. The KSZP
polymerization is completed using the layer-by-layer writing method based on galvo-mirror
scanning mode. The optimal processing parameter was 50 mW laser power, 10000 µm/s scan
speed, 100 nm slicing space and hatching space. The writing time of single KSZP sample was
about 14 minutes. The polymerized sample was first developed by immersing it in a propylene
glycol methyl ether acetate (PGMEA) bath for 30 minutes to remove any unexposed residue,
and the sample was subsequently placed in a second beaker with isopropanol for approximately
5 minutes. Finally, the fabricated microstructure was gently blown dry with nitrogen. The
polymerized KSZP (ℓ = -1, 0, 1 and 2) samples are in good agreement with the design geometry
according to the scanning electron microscopy (SEM) images [Figs. 2(b)–2(e)].

Fig. 2. (a) Schematic illustration of the 3D nanoprinting system. (b-e) SEM images of the
nanoprinted KSZP microstructure with topological charge ℓ = -1, 0, 1 and 2, respectively.

3. Characterization

3.1. Focal spot, focal length and vortex topological charge

The output light field characteristics of the KSZP samples were investigated based on the
experimental setup shown in Fig. 3. A laser source with 1550 nm emission wavelength was
connected to an optical fiber coupler with a splitting ratio 50/50, and then the beam was split into
two branches (A and B). The two beams were coupled into a SMF through a bare fiber adapter
and magnified with a 20× objective lens, respectively. The magnified beam of the B branch
passed through a polarizer (P1) and quarter-wave plate (QWP1). Subsequently, it was coupled
into the front end (or the virgin end) of KSZP sample via a 20× objective lens. The polarization
state of the beam incident into the KSZP sample was adjusted by changing the angle between the
polarizing direction of the P1 and the fast axis direction of the QWP1. The rear end of KSZP
sample was fixed on a translation stage, which allows one to horizontally move the sample end
with micron-level precision. Since the intensity profile of the output beam of the KSZP sample
can be projected into the infrared CCD camera via a 20× objective, this setup can capture the
intensity profile images at different horizontal positions when the A beam was blocked and the
translation stage was adjusted. As a reference beam, the A beam passed through a mirror, tunable
diaphragm and beam splitter, and then formed a coaxial interference pattern with the output beam
of the KSZP sample. The interference pattern can also be imaged using the infrared CCD camera,
which was used to test the vortex topological charge of the output beam from the KSZP sample.

In order to investigate the focal spot profile of different KSZP samples, we performed numerical
simulations relying on the finite-difference time-domain (FDTD) algorithm. In simulation, the
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Fig. 3. Schematic illustration of the dual-beam interference microscopic imaging system.

linearly polarized (LP), left-handed circularly polarized (LCP) and right-handed circularly
polarized (RCP) Gaussian beam with a wavelength of 1550 nm and a beam waist of 10 µm were
set as the incident light, impinging onto the KSZP microstructure at normal incidence, respectively.
Similarly, other simulation parameters such as the focal length, refractive index and effective size
of KSZP microstructure were set to be consistent with the experiment. Figures 4(a)–4(d) show
the focal spot profiles of different sample (ℓ = -1, 0, 1, 2) from the numerical simulations and
experimental measurements under different polarized light incident conditions (LP, LCP, and
RCP). Meanwhile, the measured coaxial interference patterns are also presented in the bottom
row of each sub-image in Fig. 4.

The focal spot profile obtained from the numerical simulation matches well with the measure-
ment results. Here, the slight deviation is mainly caused by the processing quality of KSZP
samples. In addition, we can also see that the polarization characteristics of incident light hardly
affect the foal spot profile. For the case of l= 0, the output beam is focused into a Gauss-like spot,
and this situation corresponds to the focusing effect of a traditional kinoform lens. For the case of
ℓ = -1, 1, and 2, the output beams are focused into a doughnut-like profile, respectively. Moreover,
as | ℓ | increases, the diameter of focal spot becomes larger. Quantitatively, the diameter of the
Gauss-like spot in simulation is ∼ 3.0 µm. However, the doughnut-like diameters are ∼ 5.2 µm
and ∼ 6.8 µm for ℓ =±1 and ℓ = 2, respectively. Corresponding to ℓ = -1, 0, 1, and 2, the diameters
of the focal spots measured from the experiment were about 5.4, 3.1, 5.4 and 6.9 µm respectively,
which nicely matched with their simulation counterparts. The slight deviation mainly comes
from the processing errors of KSZP samples and the measurement errors. In addition, the focal
lengths in simulation are about 26.3, 26.8, 26.3, and 25.1 µm for the case of ℓ = -1, 0, 1, and 2,
respectively. The corresponding measurement results are about 26.2, 27.4, 26.5, and 24.8 µm,
respectively. Here the big difference between the simulated (or measured) focal length and the
designed focal length (f= 30 µm) might be attributed to the processing quality and the diffraction
of the evanescent fields inside the subwavelength features of KSZP microstructure [44].

The coaxial interferograms (Interf.) are shown in the bottom row of each sub-image in Fig. 4.
Theoretically, in the interferograms the presence of the spiral arm shows that the output beam
carries spiral phase and OAM. The number of spiral arms is equal to the vortex topological
charge carried by the output beam. As shown in Fig. 4, when ℓ = 0, the coaxial interferogram
exhibits a Newton-ring-like fringe pattern, so there is no spiral arms and the output beam does
not carry spiral phase and OAM. Its vortex topological charge value is equal to zero. When
ℓ = -1 and 1, the coaxial interferogram exhibits single spiral arm pattern and their spiral arms
rotate in the opposite direction. It can be concluded that the output beams of these two cases
carry helical phase and OAM, but the vortex topological charges are opposite to each other.
The number of spiral arms will increase as the value of | ℓ | increases, which is supported by
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Fig. 4. Focal spot profiles obtained from FDTD simulation (top row) and experimental
measurement (middle row), and the experimentally measured coaxial interference patterns
(bottom row).

the measurement results for the case of ℓ = 2. Essentially, these optical characteristics of this
kind of all-fiber vortex beam generator can be easily controlled by flexibly adjusting the design
parameters of KSZP microstructure. In addition, it is also worth mentioning that all vortex
focusing characteristics, including the focal spot, focal length and vortex topological charge, are
insensitive to the polarization state of incident beam.

3.2. Focusing efficiency and vortex purity

The focusing efficiency of the KSZP sample can be defined as the total intensity at the focus
divided by the total intensity incident on the optic, times 100%. Here, we first measured the
transmission loss of all samples using an optical power meter with nanowatt-level accuracy
(PM122D, thorlabs). Results show that transmission losses of all samples are negligible. So the
total intensity of the output beam of different KSZP sample is equal to its total intensity of entire
incident beam. In addition, the KSZP only produce a single focus spot and its output beam does
not include zero-order and extra multiple high-order diffraction. According to thses two reasons,
one can directly calculate the focusing efficiency of KSZP sample based on the photon response
counting of the captured images on the focal plane. Taking the KSZP (ℓ = -1) sample under LP
light incidence as an example, as shown in Fig. 5(a), we define the ratio of the photon response
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count N1 of the circular area A covering the doughnut-like spot to the photon response count
N2 of the circular area B with a diameter of 5 times A, times 100% as the focusing efficiency.
Here, N1 corresponds to the total intensity at the focus, and N2 corresponds to the total intensity
incident on the optic. And then, the focusing efficiency of KSZP sample was calculated using the
expression: η =N1/ N2 ×100%. Figure 5(b) shows the calculated focusing efficiency of different
samples (ℓ = -1, 0, 1, 2) under different polarized light incident conditions (LP, LCP, and RCP).

Fig. 5. (a) Schematic illustration of the calculation rule of focusing efficiency. (b) Focusing
efficiency of different KSZP samples (ℓ = -1, 0, 1, and 2) under different polarized light
incident conditions (LP, LCP, and RCP).

Under different polarized light incidence (LP, LCP, and RCP), the focusing efficiency of the
sample (ℓ = -1) are 0.6530, 0.6639, and 0.6777, respectively; the focusing efficiency of the sample
(ℓ = 0) are 0.6093, 0.6258, and 0.8021, respectively; the focusing efficiency of the sample (ℓ = 1)
are 0.7083, 0.7473, and 0.7197, respectively; the focusing efficiency of the sample (ℓ = 2) are
0.6916, 0.7148, and 0.6913, respectively. The focusing efficiency of all samples are above 60%.
Here, the failure to achieve 100% focusing efficiency of the ideal KSZP is mainly attributed to
the fact that the slicing and hatching space (100 nm) are not infinitely small in the nanoimprint
processing. In addition, the nanoimprint accuracy and measurement errors also have an important
impact on the final result. Except for ℓ = 0, the focusing efficiency of other samples (ℓ = -1, 1, 2)
is almost independent of the polarization state of incident light. There is a significant deviation in
the focusing efficiency of the sample (l= 0) when RCP is incident. The reason may be attributed
to an accidental interference from external vibration during the experimental measurement. In
view of the above measurement results, it can be concluded that the focusing efficiency of all
samples are polarization insensitive.

Under different polarized light incidence, the vortex purity of the output beam of all samples
was measured using the mode decomposition method. As shown in Fig. 6, the laser source have
a wavelength of 1550 nm and power of 4 mW. The output beam from the KSZP sample was
incident on a reflective phase-only liquid crystal spatial light modulator (SLM) after sequentially
passing through a 20× objective, quarter-wave plate (QWP2) and polarizer (P2). A Dammann
vortex grating hologram generated from our homemade MATLAB code was loaded into the
SLM, and its specific phase profile can be seen from the dotted box content in Fig. 6. In order to
investigate the vortex purity under different polarized light incidence, the polarization directions
of the P1 and P2 were fixed and consistented with the polarization response direction (vertical
direction) of SLM. Adjusting QWP1, the incident light irradiated into the KSZP sample can be
set to a linearly polarized (LP), left-handed circularly polarized (LCP) and right-handed circularly
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polarized (RCP) states, respectively. Under different polarized light incident situations, the fast
axis direction of QWP2 was adjusted to an angle of+ 45 and -45 degrees (-L, -R) with the vertical
direction in turn.

Fig. 6. Experimental setup for measuring the vortex purity of output beams.

When a Gaussian beam is incident onto the SLM, the loaded phase hologram will modulate
the incident Gaussian beam into six different beams. Among them, five beams are vortex beams
carrying the same energy and different vortex topological charge value p. The five beams
are focused to five vertex positions of an equilateral pentagon via the same Fourier transform
lens, respectively. Along the counterclockwise direction, the vortex topological charge values
carried by the five focus spots are 2, 1, 0, -1, and -2, respectively. The remaining beam is not
modulated by the hologram, so its characteristics are the same as those of the incident beam.
The unmodulated beam is focused into the center position of the equilateral pentagon via the
Fourier transform lens. Intensity distribution images of the six focus spots can be captured by the
infrared CCD camera. Figure 7(a) shows the intensity distribution of the six focus spots. When
p ≠ 0, the focus spot presents a doughnut-like ring profile. However, the focus spot presents a
Gaussian-like profile when p= 0.

Fig. 7. Schematic diagram of the focus spot distribution (a) generated by the Gaussian
beam and (b) generated by the output beam of the KSZP (l=1) sample.

In order to clearly present the modulation effect of the SLM hologram, here we only take the
KSZP (ℓ = -1) sample under the LCP-L incident condition as an example for detailed explanation.
The output beam of the KSZP (ℓ = -1) sample mainly carries vortex topological charge value
p’= -1. As a result, when the vortex beam generated from the KSZP sample carries vortex
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Fig. 8. Light intensity distribution images modulated by SLM hologram under different
incident conditions (LCP-L, LCP-R, RCP-L, RCP-R, LP-L, and LP-R)
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topological charge p’ component that is conjugate with the vortex topological charge at one
of the vertices of the above equilateral pentagon [see Fig. 7(a)], the doughnut-like ring spot
profile at the special vertex can be modulated into a Gauss-like spot. Meanwhile, the beams at
other vertices can be modulated into doughnut-like ring spots. The new topological charges
carried by the focus spots at different vertex positions are the sum of their original value and
the topological charge value carried by the output beam of KSZP sample. It is worth noting
that the vortex topological charge p of the focus spot at the center of the equilateral pentagon
is always consistent with that of the incident vortex beam from the KSZP sample. Figure 7(b)
shows all the focus spot images of the KSZP (ℓ = -1) output beam after being modulated by the
SLM hologram. Along the counterclockwise direction, new vortex topological charge values
carried by these focal spots at the five vertex positions are 1, 0, -1, -2, and -3, respectively. The
vortex topological charge of the focus spot at the center of the pentagon is consistent with that of
the incident vortex beam from the KSZP sample, and p’= -1. For different samples, all light
intensity distribution images modulated by SLM hologram under different incident conditions
(LCP-L, LCP-R, RCP-L, RCP-R, LP-L, and LP-R) are shown in Fig. 8, respectively, and these
modulated images are consistent with our design.

Under the two incident conditions (LCP-R, RCP-L), the light field intensity is almost zero,
and this result proves the polarization independent characteristics of the KSZP samples once
again. For any KSZP sample, the vortex topological charge carried by the output beam can not be
unique due to the influence of structural machining errors and other factors. That is, the output
beam often carries other vortex topological charge components. The contribution of each vortex
topological charge component to the entire output vortex beam was measured by recording the
photon response counts in the center region of the five vertex positions of converted optical
field. The purity of the output vortex beam in a specific topological charge component was
then determined by calculating the ratio of the photon response count in the center region of the
corresponding focus spot position to the sum of the photon response counts in the center region
of all focus spot positions.

Fig. 9. Vortex purity of output beams for different samples under different polarized light
incident conditions.
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The purity of the output beam of all KSZP (ℓ = -1, 0, 1, 2) samples at the designed vortex
topological charge p= ℓ component was calculated using the method described in the previous
paragraph, and all calculation results are shown in the histogram in Fig. 9. For different incident
conditions (LCP-L, RCP-R, LP-L, and LP-R), the purity of the vortex topological charge (p= -1)
component are 0.8697, 0.8951, 0.9961, and 0.9179 for the KSZP sample with ℓ = -1, respectively.
The vortex purity of p= 0 component are 0.9823, 0.9846, 0.9685, and 0.9731 for the KSZP
sample with ℓ = 0, respectively. The purity of p= 1 component are 0.9442, 0.9222, 0.9763, and
0.9415 for the KSZP sample with ℓ = 1, respectively. The purity of p= 2 component are 0.9460,
0.9512, 0.9476, and 0.9371 for the KSZP sample with ℓ = 2, respectively. Above data shows that,
under different polarization states of the incident beam, all samples maintain high vortex purity
(> 86%) at the designed vortex topological charge (p= ℓ) component. Moreover, the polarization
state of incident beam has very little effect on the vortex purity value. Here the reason why the
vortex purity cannot reach 100% can be attributed to the combined effect of many factors such as
the measurement error, machining error and limited nanoimprint accuracy.

4. Conclusions

In summary, we have proposed and demonstrated that integrating a KSZP on the top of the
composite fiber structure composed of a single mode fiber and a quarter pitch graded index
fiber could realize a high-efficiency all-fiber focused vortex beam generator. Under different
polarization incidence, its output light field characteristics from experimental measurements
are in good agreement with that of theoretical prediction. In addition, this fiber optic devices
can be considered as a polarization-independent focused vortex beam generator. The focusing
efficiency and vortex purity are better than 60.09% and 86.97%, respectively, which benefits from
the excellent focus conversion efficiency of KSZP. Moreover, the conversion efficiency of this
generator will get closer to 100% if we further optimize the processing parameters including laser
energy, scanning speed, slicing and hatching space. Due to the high conversion efficiency, the
all-fiber generators have the promising potential for enabling new types of low power consumption
fiber devices in optical communication and optical manipulation applications.
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