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Abstract: Polarization of the optical field determines the way of light-matter interaction, which
lays the foundation for various applications such as chiral spectroscopy, biomedical imaging, and
machine vision. Currently, with the rise of the metasurface, miniaturized polarization detectors
have attracted extensive interest. However, due to the limitation of the working area, it is still a
challenge to integrate polarization detectors on the fiber end face. Here, we propose a design
of compact non-interleaved metasurface that can be integrated on the tip of a large-mode-area
photonic crystal fiber (LMA-PCF) to realize full-Stokes parameters detection. Through concurrent
control over the dynamic phase and Pancharatnam-Berry (PB) phase, different helical phases are
assigned to the two orthogonal circular polarization bases, of which the amplitude contrast and
relative phase difference can be represented by two non-overlapped foci and an interference ring
pattern, respectively. Therefore, the determination of arbitrary polarization states through the
proposed ultracompact fiber-compatible metasurface can be achieved. Moreover, we calculated
full-Stokes parameters according to simulation results and obtained that the average detection
deviation is relatively low at 2.84% for 20 elucidated samples. The novel metasurface exhibits
excellent polarization detection performance and overcomes the limitation of the small integrated
area, which provides insights into the further practical explorations of ultracompact polarization
detection devices.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Composed of subwavelength atoms with artificially designed geometric parameters, the meta-
surface exhibits the profound capability to manipulate lightwave with a full degree of freedom
such as phase, amplitude, spectral response, and polarization [1,2]. The ultrathin and highly
compact natures of metasurface have boosted versatile integrations of meta devices with many
conventional optical systems like metalens-based endoscopes [3], nanoscale vortex lasers [4]
and optofluidic refractive index sensing system [5]. In particular, metasurface integrated with
optical fiber has attracted a burgeoning amount of interest inspired by the emerging scheme
“lab-on fiber”. Flat nanostructures can be patterned on the facets (the end face of the fiber
core and the side face of the D-shaped fiber) of the optical fiber and have strong interactions
with the guided light [6]. Multiple initial attempts to fabricate nanostructures on fiber-tip have
sprung up in recent years, with potential applications ranging from beam focusing [7-9], beam
splitter [10], vortex beam generator [11], and biosensing [12]. These fiber-tip meta-devices
are easy-integrable in optical systems and possess more advanced functionalities compared to
conventional fiber devices. More importantly, the rigorous alignment process can be omitted with
the fiber-tip meta-devices equipped. Prior research has thoroughly investigated phase [7—-13] and
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amplitude [13] modulation of the output light coming from the end face of the fiber. However,
polarization-related research based on fiber-tip metasurface was rarely explored.

Highly integrated modern optical systems provide the demand for miniaturized polarization
detectors. However, limited by the current photodetectors that exclusively respond to light
intensity, conventional polarization measurements require a series of cascaded components like
wave plates, polarizers, and mechanically rotating devices [14], which severely impede the
integration and miniaturization trends of optical systems. In pursuit of extremely compact size,
great efforts have been made to the metasurface-enabled polarization detection devices. The
proposed meta-devices aim to accomplish partial or complete retrieval of the Stokes parameters
[15], which are one of the most commonly used representations of the state of polarization
(SOP). Compared to the complete retrieval of the Stokes parameters, partial retrieval is much
easier due to its monotonous function and thus leading to a smaller required working area for
the metasurface arrangement. Among the investigations on partial retrieval, orientation angle
detection for linearly polarized (LP) light [16] and ellipticity detection for elliptically polarized
(EP) light [17,18] have been widely explored. The simultaneous operation of the two detections
has also been studied thoroughly using helical phase modulation [19]. As for complete retrieval
of the Stokes parameters, the sectional unit cell (UC) pattern scheme is initially put forward using
dielectric [20] or plasmonic nanostructures [21-23]. The designed metasurfaces incorporate
separate sections, with each section functioning as distinct detection of the Stokes parameters,
leading to an intuitive representation of SOP. However, the space division scheme inevitably
results in low efficiency of the whole device. Apart from the sectional pattern scheme, interleaved
UC pattern scheme has been proposed by means of spatially splitting the orthogonal polarizations
[24] or enabling interference between generated images through different series of UCs [25]. The
interleaved pattern scheme shares the same defect as the sectional pattern scheme. In other words,
it is necessary for the designs to have a large area for UC arrangement, otherwise, the integration
with a compact platform like an optical fiber core is impractical. Non-interleaved method, which
requires a smaller size of metasurface pattern area, has gradually been proposed to address
the aforementioned issue. Polarization-selective directional scattering enabled polarimeter
is proposed for full-Stokes parameter detection, though the non-interleaved rod antennas are
not closely spaced [26]. A non-interleaved meta-device [27] is designed regarding the matrix
Fourier transform for full-Stokes polarization representation, while the number of distinguishable
polarization states is limited due to the indispensably precoded hologram of each state. Another
design based on non-interleaved UC can arbitrarily detect SOP [28], but the specific resonant
phase selection of UC results in a low transmission efficiency of 63.7%, which dramatically
reduces the operation efficiency.

Herein, we propose a novel approach to efficiently achieve full-Stokes parameters measurement
using the compact non-interleaved metasurface integrated on the tip of a large-mode-area
photonic crystal fiber (LMA-PCF). A series of dielectric nano bricks with a high transmission
and conversion efficiency of over 90% are arranged in a non-interleaved sequence for concurrent
control of the dynamic phase and Pancharatnam Berry (PB) phase. In addition, the metasurface
is engineered to add helical phase modulations with topological charges of +1 and —1 onto
the left-handed polarized (LCP) and right-handed polarized (RCP) components of the incident
light, respectively. Then, the transmission light will generate two non-overlapped foci and an
overlapped interference ring pattern. Considering the orthogonal basis formed by LCP and
RCP light, the chiral phase difference can be obtained from the dark fringe direction of the
interference ring pattern, and the chiral amplitude contrast can be obtained through intensity
comparison between the non-overlapped foci, which can be used for the deduction of full-Stokes
parameters. Hence, arbitrary polarization states, as well as the full-Stokes parameters, can
be obtained with the proposed ultracompact fiber-compatible metasurface. Simulation results
demonstrate a good performance of Stokes parameters detection with a low detection deviation



Research Article Vol. 31, No. 13/19 Jun 2023/ Optics Express 20838 |

Optics EXPRESS

rate of 2.84% among 20 incident samples. Our design is featured a compact footprint and excellent
detection performance, which is expected to unlock the full potential of optical fiber-compatible
meta-devices and leverage its practical functionality in photonic systems.

2. Theory and method
2.1. Principle of polarization measurement

It is commonly known that arbitrarily polarized light is considered as the superposition of LCP
and RCP components. Thus, any fixed polarization can be described by the chiral phase difference
and chiral amplitude contrast. The working scheme of our design relies on the detection of
the chiral phase difference and chiral amplitude contrast of the incident light through joint
control over the dynamic phase and PB phase. We assign different phase profiles for LCP and
RCP components and the designed patterns generated by LCP and RCP contain a ring-shaped
pattern and a focus inside the ring. Helical phases with topological charges of +1 and —1 are
precisely engineered to the ring patterns of LCP and RCP components, respectively, leading
to an interference accompanied with the dark fringe region. Meanwhile, orthogonal circularly
polarized light components are designed to focus in opposite directions at the display plane.
The merged pattern for arbitrarily polarized light is shown in Fig. 1(a). The ring pattern is
responsible for chiral phase difference assessment and the foci pattern is for chiral amplitude
contrast determination. m and n are integers that digitally describe the proportion of circular
orthogonal bases of the incidence.

m * + nx :(9
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Fig. 1. Working scheme of the proposed design. (a) Generated LCP and RCP images with
an overlapped ring and foci in separate positions (left or right) under the illumination of
RCP and LCP lights, respectively. (b) Illustration of the initial chiral phase difference A
between RCP and LCP components. The zero-phase point is located at the orientation angle
Ap/2. (c) Side view of the left and right foci generated from RCP and LCP under arbitrarily
polarized light.
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During the chiral phase difference assessment, the key point is the interference between two
generated ring-shaped patterns enabled by RCP and LCP components. It is commonly known

\3 1

) and

that RCP and LCP light can be represented in terms of LP components: I=
—i

7=

1
g . Upon illumination of arbitrarily polarized light, the polarization typically follows,

i
P = @il + a7 €))

where a; and a, are the amplitudes of the LCP and RCP components, respectively. ¢; and ¢,
express the phases of LCP and RCP lights, respectively. We assume A is the initial phase
difference between LCP and RCP, namely A¢ = ¢; — ¢,. Thus, the phase difference between the
zero-phase angle and the two components are both Ag/2, and the zero-phase angle along the
ring represents the polarization orientation angle, which is illustrated in Fig. 1(b). To enable the
interference between two CP components, the additional helical phases with topological charges
of +1 and —1 are introduced for LCP and RCP incident lights, respectively. Since the PB phase
converts the circular handedness of the light, the generated RCP and LCP components obtain +1
and —1 topological charges accordingly. The phase distributions of ring-shaped patterns for RCP
and LCP incidents are shown below,

@ryp(r) = _277r (‘/r2 +f2 —f) + arctan (%) @)

where r is the ring radius corresponding to the center of the proposed device, and f is the distance
between the display plane and the meta-device (f is designed as 20 um). A is the operation
wavelength and here we utilized the common communication wavelength 1310 nm. Due to the
introduced helical phase, an arbitrary point along the ring with an orientation angle of 8 exhibits a
helical phase difference between LCP and RCP of 26. We assume ¢g(6) and ¢y (6) are the helical
phases of RCP and LCP along the ring, and ¢g(6) — ¢1(8) = 26. Hence, the distribution of the
generated ring-shaped pattern after light transmitting through the device can be explicated as,

Pring(6) = a P erO)7 arei(wer(@))‘j — ei(¢r+¢L(9)){alei(Atﬁ—%);: + llr_i} 3)

We notice that the distribution is the function of . Correspondingly, the intensity profiles
along the ring with respect to the x- and y-component are expressed as,

1

I = La? + La,% + aja, cos(260 — Ag) 4)
]y = %alz + %ar2 —aay 005(20 - AQO)

It is clear that the intensity profiles of the x-direction and y-direction are both the function
of 6, and vary between minimal and maximal values alternatively while 6 ranges from O to
2n. In this case, the chiral phase difference A¢ can be estimated with the x- or y-component
intensity measured along the ring. In the following simulations and discussions, we will apply
the y-component intensity for polarization detection.

On the subject of chiral amplitude contrast determination, the phase profiles for LCP and RCP
components to facilitate the foci are shown below,

X y) = —277T (\/(x £x0)? +y2 +f2 - \/fZ + x02) 4)

where x represents the distance between the foci and the center of the display pattern (here xg is 4
um) and f is the designed focal length. Based on the phase profiles specifically designed for LCP
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and RCP incident lights, two foci located at the left and right sides are precisely enabled, which is
illustrated in Fig. 1(c). Since arbitrary polarized illumination is considered as the superposition
of the LCP and RCP components, different ratio of the intensity of two foci represents different
chiral amplitude contrast. The intensities of two foci are derived within the integrated region
with the side width set to three times the full width at half maximum (FWHM).

2.2. Stokes parameters characterization

The Stokes vector formalism has been considered as one of the most direct and commonly
used ways to represent the polarization of light. There are four parameters contained in Stokes
parameters: S = [So, S1,S2,S3]. For the fully polarized light, the Stokes parameters are indicated
in the following equations,

So =1

S1 = (oo = Iooe)/1
So = (Iuse —I450)/1
83 = (Igcp — Icp)/1

1 is the overall intensity of the incident. For fully polarized light, I equals the addition of Igcp
and I cp. Besides, Ip-, Iog-, 1450, I_45- represent the intensity along 0°, 90°, 45°, —45° direction
in the linear polarization bases and Igcp, Ircp are the intensity of RCP light and LCP light. To
note, [S1, Sz, S3] represented here have been normalized to Sy for the fully polarized light. Under
this representation, a series of cascaded optical intensity measurement components are needed
inevitably for the extraction of Stokes parameters in the traditional detection method.

In our design, the polarization characteristic process is surprisingly simplified. The initial
step starts with the determination of S3. As discussed in Section 2.1, LCP and RCP results in
separate foci within the ring pattern. Followed by Eq. (6), the value of S3 is determined by the
integrated optical intensity over the left and right foci. Subsequently, the tangent plane formed
by S3 latitude (shown in Fig. 2) combined with chiral phase difference A¢ obtained before, will
contribute to the calculation of S| and S, which can be expressed as,

(©)

S =+1- 552 cos Ay
Sy =1 —-532sinAg

@)

Fig. 2. State of polarization concerning the Stokes parameters and chiral phase difference
Ay on the Poincare sphere.

To summarize, the Stokes parameters can be calculated through the comparison of the intensity
of two foci and the assessment of the chiral phase difference. Accordingly, the obtained Stokes
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parameters will be compared with the theoretical values of the incident light. The detail of
the calculation of theoretical parameters derived from the general expression of the incident is
shown in Appendix A. The detection deviation rate e is defined as the ratio of the deviation to the
total measurement range. Since the Stokes parameters cover the range from —1 to 1, the total
measurement range is calculated as 2.

e=(Sa—5)/2 ®

where Sy is the detected Stokes parameter according to the simulation results and S; is the
theoretical parameter of the incident light. The formula is applicable for all the Stokes parameters.

2.3. Unit cells selection

The size and shape of nano bricks affect the propagation phase of the transmitted light. Figures 3(a)
and 3(b) depict the schematic illustration of a single UC with a uniform height of H=800nm
(=0.61)), and the period is given by P =600 nm. The nano brick patterned on the silicon dioxide
(Si0O,) substrate is made of Amorphous Silicon (a-Si), providing a high refractive index of 3.496
operating at A=1310 nm (detailed information on the refractive index of the fabricated a-Si based
on practical fabrication process is shown in Table 1 in Appendix B). The widths of UC (L and W)
are aligned parallel to the x-axis and y-axis, respectively. With regard to the geometry of the UC,
propagation phase shift and transmission of the eight selected unit cells for an x-polarized plane
wave are signified in Fig. 3(c) with the assistance of a finite-difference time-domain (FDTD) tool.
While maintaining sufficiently high transmission, the set of eight UCs whose propagation phase
shift covers the entire 2t phase span should be properly chosen. In addition to the propagation
phase modulation, the PB phase modulation is also utilized in the device. Thus, each UC is
designed to work as a half-wave plate for polarization conversion. Each UC exhibits a relatively
high polarization conversion efficiency (PCE) at the operation wavelength, which are shown in
Fig. 3(d-k).

2.4. Non-interleaved pattern scheme on the fiber-tip

Different from spatially dividing metasurface for distinct functions, our scheme exploits the
non-interleaved arrangement of the selected UCs. The phase distributions for LCP and RCP-
generated ring and focus patterns are discussed in Section 2. In our design, ring and focus
patterns are combined by the holographic principle shown in Eq. (9). In this way, only one set of
UCs can accomplish two functions, which significantly reduces the required pattern area for the
metasurface and makes it possible to be integrated on the fiber tip. The phase profiles for LCP
and RCP are elucidated below,

oL = ang(ei(a*<pr +b*‘/’VL))
)

or = ang(e o))

where a and b are integers and the ratio of a and b is the proportion of the generated focus with
the ring-shaped pattern. Based on the results of simulations, we choose the value of the ratio as
0.5 for a clear illustration of the generated pattern. In this design, joint control over the dynamic
phase and PB phase is adopted to fulfill the phase profiles for orthogonal circular bases. Thus,
the propagation phase ¢(x, y) and PB phase required rotation angle 6(x, y) theoretically follows,

o(x,y) = 3[(r(x,y) = 2m7) + (pr(x,y) — 2n27)] 10)
1
[

0(x,y) = z[(gL(x,y) = 2m ) — (¢r(x,y) — 2nam)]

where n; and n, are integers to ensure the obtained phase distributions are within 0 — 27 range.
The proper UC at the specific location with respect to the required propagation phase shift and
rotation angle will be arranged; thus, arbitrary dual-phase modulation can be achieved.
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Fig. 3. (2), (b) Schematic illustration of the metalens unit cell, which is composed of nano
bricks with a height of 800 nm and period of 600 nm. (c) Simulated propagation phase shift
and transmission of eight selected unit cells with the x-polarized incident. The size (L and
W) of the selected unit cells from 1 to 8 are L =500, 400, 350, 450, 100, 150, 200, and
200 nm, and W = 100, 150, 200, 200, 500, 400, 350, and 450 nm. (d)-(k) The polarization
conversion efficiency of the selected unit cells (from 1-8).
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Fig. 4. (a) Illustration of LMA-PCF with the designed metasurface patterned within the
core area (in grey). (b) Simulated fundamental mode profile of LMA-PCF operating at
1310 nm. (c) Detailed schematic demonstration of the proposed design for generation of the
ring pattern and two off-axis foci.

The schematic illustration of the fiber-tip device is signified in Fig. 4, and here we employ the
LMA-PCEF as the platform to integrate the designed meta-device for its relatively large core area.
Endless single-mode property in a broad operating wavelength range is maintained in the pure
silica fiber core with a diameter of 26 um, while the period (A) and diameter of the air hole (dcore)
are 17 um and 8 um, respectively. The simulated fundamental mode profile of the LMA-PCF is
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shown in Fig. 4(b), which substantiates the well-confined single-mode transmitted light within
the core region. The electric field component of the fundamental mode in the LMA-PCEF is
recorded and considered as the guided mode to serve as the source in the simulation. Thus, the
total pattern area for the metasurface is the fiber core with the diameter of 26 um. The potential
fabrication process is expressed in Appendix C.

3. Results and discussion
3.1. Polarization characterization process

In this section, we will introduce the basic characterization process of polarization. Taking
the 135° LP incidence as an example, the normalized y-component intensity of the generated
image is shown in Fig. 5. The azimuth angle 0 of the polarization can be intuitively observed
from the orientation of the dark fringe of interference. According to the previous discussion,
the y-component intensity along the ring demonstrates a sinusoidal curve (black solid line) in
Fig. 5(b). Curve fitting was conducted to the ring intensity for extraction of the parameters in a
simplified version of Eq. (4), which is I = (1 — cos(26 — Ayp))/2. For this case, Ay is fitted with
—0.5524r and the sinusoidal function is specified in the green line. The R-square value of the
fitness is up to 0.9381, which suggests a good performance of curve fitting. Compared to the
ideal intensity along the ring (in red line), the fitting data (in green line) are reliable with little
deviation. From the fitted data of ring intensity, the chiral phase difference can be obtained.

e Simulated

Optical intensity (a.u.)

0.0 05 1.0 15 2.0
6 (m)

Fig. 5. (a) Optical intensity of y-component light at the display plane with the illumination
of 135° LP light. The inset white arrow points to the maximum intensity. (b) Normalized
intensity distributions along the ring as the function of azimuth angle 6.

Subsequently, chiral amplitude contrast as well as S3 are available according to Eq. (6)
concerning the integrated intensity over the fixed square area over the designed foci. The
side width of the square is set to three times the FWHM of the focus. It is worth noting that
the background noise is eliminated in the integrated intensity to enhance the accuracy of S3
assessment.

3.2. Performance of orientation angle and chiral amplitude contrast detection

As previously described, the generated image originated from the designed metasurface is
spatially divided into two parts, namely the circular ring part and the focus part. The circular
ring part determines the orientation angle assessment and the focus part determines the chiral
amplitude contrast calculation. In this section, two functions are tested to characterize the
performance of the proposed fiber-tip meta-device. Two simple cases are taken into account, the
first case is LP incident lights with different polarization orientations, and the second case is EP
lights consisting of x- and y-component of equal intensity but with different phase differences o
(expressions can be found in Appendix A Eq. (11)). The comparations of simulated results and
theoretical results are shown in Fig. 6.
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Fig. 6. (a) Theoretical (black and hollow triangle) and simulated (red and solid triangle)
orientation angles of different LP light. (b) Relationship between x- and y-component phase
difference o and chiral amplitude contrast with theoretical and simulated results.

It can be observed that the simulated value (red solid triangle) indicates a good agreement
with the theoretical value (black hollow triangle). The detection deviation rate is defined as the
ratio of the deviation to the total measurement range. As shown in Fig. 6(a), the incident lights
with LP orientations varying from 0° to 150° are analyzed. Since 180° LP light exhibits the
same with 0°, the result is eliminated here. The derived average deviation rate is 1.11% within
the eight samples. For the case of EP illumination, the phase difference o between the x- and
y-component varies from —0.57 to 0.5 while the ratio of the amplitude of the two components
remains 1:1 for the whole test as illustrated in Fig. 6(b). The obtained simulation results (in red
dots) suggest a slight derivation from the theoretical curve and the obtained deviation rate is
2.46%. To summarize, the performance of orientation angle detection and ellipticity assessment
shows good reliability and high consistency.

3.3.  Full-Stokes parameters detection for arbitrarily polarized light

To further evaluate the practicality of the device, we apply arbitrarily polarized light as the
incident for general extraction of the Stokes parameters. Here, we randomly select four incident
lights with different SOP as the input and collect the y-component optical intensity at the display
plane, which are shown in the upper row of Fig. 7. For an intuitive illustration of the polarization
states of the four incidents, the polar plots and polarization ellipse representations are summarized
based on the obtained Stokes parameters and shown in the figure. It is clear that simulated results
(specified in the red line) exhibit high consistency with the corresponding ideal results (specified
in the black line). The handedness of the incident is also available according to the calculated
Stokes parameters and is labeled in the yellow arrow in the figure.

We further add up to 20 samples to verify the stability of the full Stokes parameters detection.
As illustrated in Fig. 8, simulation results in red solid circles match well with the theoretical
values in blue circles among all the sample incident lights. To note, since the randomly selected
inputs all belong to fully polarized light, Sy, S», and S3 are normalized to the overall light intensity
So. We calculated the deviation rate according to Eq. (8), and the detailed data are available in
Table 2 in Appendix D. The obtained average deviation rate of Sy, S, and S3 are 3.84%), 2.48%
and 2.20%, respectively. Thus, the overall detection deviation can be calculated as 2.84%.
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4. Conclusions

To summarize, the proposed design based on the non-interleaved UC pattern scheme possess the
capability to detect the full-Stokes parameters within the small fiber core region. Overlapped
ring-shaped patterns and non-overlapped foci parts in the generated image are utilized to resolve
the chiral phase difference and chiral amplitude contrast of the incident. The average detection
deviations of orientation angles of LP light and ellipticities of specified EP light are 1.1% and 2.5%,
respectively. For arbitrarily polarized light, the full-Stokes parameters are obtained with average
detection deviations of 3.84%, 2.48%, and 2.20% on Sy, S», and S3 parameters. The results
suggest that the designed fiber-tip metasurface accomplishes full-Stokes parameters detection
with a relatively low detection deviation rate and tackles the limitation of the small pattern area.
This study establishes a quantitative framework for detecting polarization in fiber-compatible
environments, which is believed to be a fruitful area for miniaturized polarization detection
research.

Appendix
A. Theoretical Stokes parameter from the general expression of the incident light

Here, we will introduce another description of Stokes parameters under the general expression of
the lightwave oscillates. The lightwave oscillate is typically described in orthogonal basis x- and
y-direction,

E.=ajcost

an

E, = aycos(t + o)

where a; and a, are the amplitudes of the x- and y-component and o represents the phase
difference between the two components. Accordingly, the Stokes parameter can be described as
the function of a;, a; and o,

2 2

Si=a1”"—ap
Sy = 2aja; cos o (12)
S3 = 2aya;p sino

It is obvious that the Stokes parameters can be derived if the x and y components are clearly

represented, and vice versa. Based on the obtained parameters, polarization detection can be
verified through orientation angles for LP light and chiral amplitude contrast for arbitrarily

polarized light. When o is set to 0, the light is LP light with an orientation angle of arctan (Z—f)

When a; is identical to a,, the chiral amplitude contrast of arbitrarily polarized light is only
determined by o. The results and analysis are investigated in Section 3.

B. The refractive index of the material in the simulation based on the fabrication process

Table 1. Refractive index of amorphous silicon used in the simulation

Wavelength Refractive index Wavelength Refractive index
1210 3.514 1384 3.484
1216 3.513 1390 3.484
1222 3512 1396 3.483
1228 3.511 1402 3.482
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1234 3.510 1408 3.481
1240 3.508 1414 3.480
1246 3.507 1420 3.479
1252 3.506 1426 3.479
1258 3.505 1432 3.478
1264 3.504 1438 3.477
1270 3.503 1444 3.476
1276 3.502 1450 3.476
1282 3.500 1456 3.475
1288 3.499 1462 3.474
1294 3.498 1468 3.473
1300 3.497 1474 3.473
1306 3.496 1480 3.472
1312 3.495 1486 3.471
1318 3.494 1492 3.471
1324 3.493 1498 3.470
1330 3.492 1504 3.469
1336 3.492 1510 3.469
1342 3.491 1516 3.468
1348 3.490 1522 3.467
1354 3.489 1528 3.467
1360 3.488 1534 3.466
1366 3.487 1540 3.465
1372 3.486 1546 3.465
1378 3.485 1552 3.464

C. Potential fabrication process

The fabrication of a fiber-tip meta-device requires additional steps compared to the conventional
metasurface fabrication, namely the preprocessing of the fiber. The preprocessing step starts
by striping the coating of one end of the fiber and putting a specially-designed casing on this
fiber section subsequently. The length of the casing is (6.5 ¥ 0.5) mm and the diameter is
(1.8 ¥ 0.005) mm. The casing is utilized to fix up the fiber tightly for further fabrication. As
shown in Fig. 9, there is a bevel at the end of the casing for buffering. The remaining section
outside the casing will be protected by 353ND epoxy and the protective gel to prevent impurities
from contacting the fiber during the deposition process.

()~

A direction

353ND epoxy

protective gel

1.8 +0.005

65+ 05 200 - 210

Fig. 9. Schematic demonstration of the preprocessing of the fiber. (The unit of length is a
millimeter.)
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The fiber tip will be polished by fine-grinding discs Aka-Piatto to obtain a smooth surface.
Afterward, around 60 preprocessed fiber sections will be neatly fixed together for fiber-tip
deposition. A thin layer of Aluminum oxide (Al,O3), acting as the adhesive, will be first
deposited on the fiber tip using the Magnetron Sputtering Coater. As experiments suggested,
a directly deposited layer of Amorphous Silicon (a-Si) without the adhesive will be fragile.
Besides, the thickness of Al,O3 is around 25 nm, which is almost negligible to the designed
meta-device. The following deposition of an a-Si layer with 800 nm thickness will be conducted
by Low-pressure chemical vapor deposition (LPCVD). There exists a problem that some of the
deposited material might fall into the periodic air holes. However, based on previous research on
nano structures integrated on LMA-PCF [7,29], the amount of the fallen material is slight and
would barely affect the endless single-mode characteristic of the fiber and the defect is considered
approximately negligible. Assisted with the specially-designed casing, the nanostructures will be
subsequently fabricated using the matched focused ion beam (FIB) system.

D. Detection deviation of 20 polarization states

Table 2. Detection deviation rate for 20 test samples with
different states of polarization (%)

Test number S Sy S3 Average deviation
1 2.82 5.39 0.97 3.06
2 6.58 597 1.10 4.55
3 1.39 0.15 3.42 1.65
4 6.65 5.37 3.23 5.08
5 3.85 2.20 0.79 2.28
[§ 5.35 1.05 1.10 2.50
7 2.61 2.19 3.87 2.89
8 332 3.18 3.95 3.49
9 6.88 4.75 3.73 5.12
10 0.14 3.00 2.35 1.83
11 7.24 0.68 3.83 3.92
12 2.51 0.30 0.06 0.96
13 8.13 0.66 0.46 3.08
14 251 0.30 0.06 0.96
15 3.37 1.05 2.78 2.40
16 2.71 1.99 3.57 2.78
17 4.49 3.06 2.31 3.29
18 0.17 5.69 0.28 2.05
19 1.43 1.18 2.67 1.76

20 4.63 1.44 3.56 3.21
Average deviation 3.84 2.48 2.20 2.84
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