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integration, MSs are excellent candidates to replace and
enhance traditional optical devices. Typically, the design of a
MS involves numerical simulations of individual meta-units to
create a so-called lookup table (LUT). This LUT links the
geometric parameters of each meta-unit to its optical response
(such as phase and intensity of the complex transmission
coefficient). The meta-units are then arranged to achieve the
desired optical functionality, such as generating vortex beams
and complex singular planar phase distribution functions.14−17

One of the major challenges in MS technology is ensuring the
reliability of the fabricated device compared to the theoretical
model. An important metric often considered for MS
technology is the device efficiency, that is the ratio of input
versus the output modulated power (reflected/transmitted).
This parameter, critical for application, is generally affected by
the limitation in the design methodology, such as neglecting
the near-field coupling effect between neighboring ele-
ments,18,19 and/or due to fabrication imperfections.20 Exper-
imental solutions to characterize the performance of MS
devices for future commercialization are currently being
evaluated by the community,21 ranging from the most basic
transmission/reflection efficiency measurements to the most
complex polarization-dependent phase retrieval methods
including vectorial ptychography.22 The comparison of the
measured phase with the design target is used to adjust and
improve the device’s performance. Only a few studies for phase
measurements of MS have been proposed in the literature
primarily relying on classical interferometric techniques,
involving two laser beams traveling along separate arms.23

These techniques can achieve very high phase accuracy and
good spatial resolution, but they are highly sensitive to thermal
and mechanical instabilities and require complex setups with
precise alignment. Vectorial ptychography offers the most
detailed and accurate phase reconstructions, along with the
capability to retrieve complex vectorial responses, but it
requires multiple overlapping measurements and computation-
ally intensive reconstruction, which greatly reduces throughput
and limits its suitability for time-critical metrology.22 A detailed
description of several techniques used for phase character-

ization of MSs, along with their performance, can be found in
ref 21.

We recently introduced a user-friendly method called
quadriwave lateral shearing interferometry (QLSI)24 to
characterize the transmittance (i.e., both the phase and
intensity responses) of some of the most traditionally used
MSs.25 QLSI is a common path or self-interference
quantitative phase measurement technique with high phase
resolution in the order of 10−2 rad and diffraction limited
spatial resolution.26,27 Here, we demonstrate that QLSI can be
efficiently applied to achieve high precision phase metrology of
arbitrary singular MSs, imprinting either high-order integer or
noninteger OAMs (though this wording seems mathematically
inadequate but somehow occurs for imperfectly fabricated MS,
as we will explain below). Specifically, we showcase the
technique’s ability to detect fabrication imperfections and their
impact on the generated vortex beams. This is achieved by
studying various MS designs and vortex-like MSs with
noninteger topological charges. In the first section, we
introduce the working principle of QLSI. We present phase
retrieval methods used for detecting singularities and select the
most effective method for analyzing fabricated MS. In the
second section, we describe both types of MS designs
considered in this study: effective refractive index (ERI) and
Pancharatnam-Berry (PB) phase. The third section compares
the QLSI-measured performance of vortices generated with
ERI and PB phase modulation mechanisms. Our technique is
finally applied to perform the phase characterization of vortex-
like MSs with noninteger topological charges and complex
multivortex configurations.

■ PHASE CHARACTERIZATION METHOD

■ QLSI PRINCIPLE
We use the wavefront sensing technique called Quadriwave
Lateral Shearing Interferometry. It combines two simple
components: a 2-dimensional diffraction grating and a
standard camera, placed a few millimeters apart24 (see Figure
1a). The diffraction grating, also referred to as the modified

Figure 1. Working principle of QLSI and measurement setup. (a) (Left) working principle of QLSI-based wavefront sensor showing the MHM
diffracting the incoming light to four diffraction orders that interfere on a detector plane. (Right) scheme showing the interference area of the four
beams (for clarity the shearing angles are exaggerated on the scheme). (b) (Left) example of measured interferogram for a metalens and (right) the
retreived phase profile. (c) Scheme of the optical setup used for the characterization of the MS. Os. stands for optical source, “Pol.” for polarizer,
QWP for quarter waveplate, MS for metasurface, Obj. for objective lens, TL for tube lens and WS for QLSI based wavefront sensor.
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Hartmann mask (MHM), features a square pattern of holes
with phase shifts of 0 and � arranged in a checkerboard
configuration. This geometry mainly produces four diffraction
orders, which interfere on the camera to create a 2-dimensional
interferogram (see Figure 1b left). The intensity of the
interferogram encodes information about the phase derivative
in two directions.28 This information is encoded around spatial
frequencies (or harmonics) corresponding to the interference
fringes formed by pairs of diffraction orders. For the sake of
simplicity, we provide the expression for the interferogram
intensity I(x) in the 1D case as a function of the impinging
field amplitude = = ( )A x I i x I i W x( ) exp( ( )) exp ( )0 0
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where p is the MHM period, z is the distance between the
MHM and the camera plane and W

x
is the optical path

derivative of the incoming electromagnetic field along x-
direction. One can notice that the interferogram intensity in eq
1 is wavelength-independent, as soon as the wavefront does
not vary within the light spectrum. This makes the QLSI
technique achromatic and works even for broadband light
including white light.24 The interferogram is processed to
retrieve both the intensity (and hence the transmittance) and
the optical path W. If needed, the optical path is
straightforwardly converted into the phase � using the
following expression.

= W
2

(2)

■ PHASE RETRIEVAL ALGORITHM
A Fourier Transform (FT) is first applied to the interferogram
to isolate the different harmonics. The 0-order component
(center of the FT image) gives the intensity map by simply
applying an inverse Fourier Transform (FT−1). The FT−1 of
the first harmonics in x and y directions gives the phase

derivatives denoted as = ( )x yD( , ) ,
x y

. If the phase field

is continuously differentiable across the entire measurement
plane, the phase map of the incoming light beam can be readily
reconstructed using standard numerical integration methods
(see Figure 1b right).28,29

However, this assumes that the wavefront distribution is
well-behaved (its derivative is a conservative vector field) and
that it can be directly derived from a gradient at any point.
This assumption holds in most cases where the analyzed
electromagnetic field is free from phase singularities. In the
presence of such singularities, however, the phase becomes
discontinuous at the vortex center, introducing a nonzero
residue in any integration path that crosses it. It should be
noted that this issue is common to any method measuring
phase derivatives (collectively referred to as shearing
interferometry methods) as opposed to reference-beam
interferometry.21 To solve for the most general and complex
wavefront, which may include optical singularities or other
sorts of discontinuous phase properties, a more general
approach to retrieve the phase from the derivative vector
D(x,y)a is required. Recently, a new algorithm, in which the
measured derivative vector is first decomposed using
Helmholtz-Hodge decomposition, has been proposed.30 This

decomposition states that any vector field can be written as the
sum of two terms:

= +x y x y x yD A( , ) ( ( , )) ( , )irot (3)

Here, = ( ),
x y

denotes the 2D gradient operator and

∇ ∧ A(x,y) denotes the curl of a potential vector A(x,y). All
derivatives in eq 3 are taken in the sense of distributions,
ensuring the validity of the expressions even when � irot or A are
nonsmooth or contain singularities. The first term of eq 3
represents the irrotational vector field. The second term
represents the rotational (or solenoidal) vector field.

Numerical integration of D(x,y) only yields the irrotational
part of the phase � irot(x,y). For the case of the simplest single
vortex field, the irrotational component corresponds to a flat
phase map. The information about the vortex, specifically its
position and topological charge (TC), is contained in the
second term of eq 3. While no universal algorithm exists for
recovering the solenoidal part in arbitrary cases, an analytical
solution is available when the field consists of discrete optical
vortices.

For simplicity, we consider a single vortex, noting that
extension to multiple vortices is straightforward due to the
linearity of the decomposition. Assuming the vortex phase is
given by �(x,y)=c�(x,y), where c is the topological charge and
�(x,y) is the azimuthal angle with respect to the vortex center,
the corresponding derivative vector becomes

= +x yx y
c y

r
c x
r

D( , )
(4)

Here, = +r x x y y( ) ( )0
2

0
2 is the distance between

the vortex center (x0,y0) and the observation point (x, y). The
vector field of eq 4 is mathematically analogous to the
magnetic field generated by a line current along the z-axis. The
detailed analogy is provided in the Supporting Information,
Note 1. As in electromagnetism, where the magnetic field is
derived from a magnetic vector potential � via the curl
operation, we introduce a similar vector potential, such that
D(x,y) = ∇ ∧ A(x,y).

The solution for � is given as

=
i
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Hence the Laplacian of � is a Dirac function with the
maximum positioned at the vortex center

= =A A r zx y x y c( , ) ( , ) ( ) (6)

Where �=∇ 2 is the Laplacian applied component-wise to
the vector field A (here it contains only the z component).
Thus, solving for the solenoidal part of the phase field reduces
to identifying Dirac distributions in the Laplacian of � and
extracting their associated topological charges c. To accomplish
this, we studied two methods which we refer as curl and line
integral methods. Although both methods are mathematically
equivalent, they behave differently in experiments with noise
and fabrication imperfections.

Curl Method. This method, originally introduced by Wu et
al.,30 is based on computing the curl of the measured derivative
field D(x,y). Since the irrotational component of the field can
be written as the gradient of a scalar potential, it vanishes
under the curl operation. As a result, the curl isolates the
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rotational (solenoidal) component, which, for a collection of
vortices, corresponds to the vector Laplacian of the potential
field �. This Laplacian takes the form of a sum of Dirac
functions centered at the vortex cores.

The vortex centers are identified using segmentation
algorithms that detect local maxima in the curl map. The
topological charge cj of the jth vortex is then estimated by
integrating over a surface Sj surrounding the detected peak:

= ×c x y dD S
1
2

( ( , ))j
Sj (7)

This approach is highly effective for locating vortex
positions. However, accurately retrieving the topological
charge requires precise measurement of the derivatives near
the vortex center, where they tend to diverge. This area also
presents significant challenges in MS design and fabrication, as
the phase varies rapidly and the corresponding nanostructures
become difficult to define and fabricate with sufficient
precision.

Line Integral Method. To address the limitations of the
curl-based method for vortex charge estimation, we propose an
alternative approach based on the line integral of the derivative
field around a closed contour enclosing the vortex. By applying
Stokes’ theorem to eq 7, we obtain

= × = ×c x y d x y dD S D L
1
2

( ( , ))
1
2

( , )j
S Lj j

(8)

where Lj is a closed contour bounding the surface Sj.
This method integrates D(x,y) along a path that can lie far

from the vortex center, as long as no other vortex is enclosed.
It allows the use of data points where derivative values remain
within the instrument’s dynamic range. Since the result
depends only on the enclosed singularity and not on the
contour’s shape, the topological charge can be reliably

retrieved. However, this method does not directly give the
vortex location. To identify the center, several contours with
varying radii must be tested, and the smallest enclosing one is
selected. This makes the process more time-consuming and
less precise�particularly when vortices are close together and
difficult to resolve individually.

Curl vs Line Integral Methods: Accuracy Comparison.
To evaluate the accuracy of the two methods for TC retrieval,
we assessed their performance using simulated derivative
vectors D(x,y) for vortex TC of 1 with different noise levels.
Our goal is to test the robustness of both methods against
noise that could originate from measurement errors or from
the MS sample itself due to fabrication inaccuracies. Gaussian
noise, with a standard deviation � ranging from 0 (no noise) to
1 was added to each pixel of the derivative vector maps. For
each noise level, we generated 1000 maps with randomly
distributed noise and calculated the corresponding TC for each
map using both methods. The results are shown in Figure 2a,b
for line integral and curl methods, respectively. Each data point
corresponds to the mean TC value calculated from the 1000
generated maps at each noise level, with error bars representing
the standard deviation of the calculated TCs. For the case with
no noise, both methods yield equivalent results. As the noise
level increases, the TC determined using the line integral
method remains accurate, with error bars remaining relatively
low (below 1) even at the highest noise level. In contrast, the
curl method shows a lower accuracy with rapid increase in
error bares with a magnitude reaching already 1 for � = 0.4.
These results can be explained as follows: in the line integral
method, the TC information is distributed across all pixels of
the derivative vector D(x,y), allowing the use of any arbitrary
closed path around the singularity to retrieve the TC. On the
other hand, the curl method relies on TC information
concentrated in only a few pixels at the vortex center, making
it more sensitive to noise. For further investigation, we provide

Figure 2. Phase retrieval algorithm for vortex beams. Calculated TC from simulated derivative vector maps as a function of Gaussian noise level
ranging from standard deviation � = 0 to � = 1 using two computation methods: Line integral method (a) and Curl method (b). (c) Flowchart
showing the steps for phase retrieval of vortex beams from the measured derivative vector.
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experimental results for SLM (spatial light modulator)
generated vortices characterization using both methods in
Supporting Information Note 2.

Based on these results, we have selected the line integral
method for TC retrieval and Curl method for the
determination of the vortex position throughout the remainder
of this manuscript. Once the positions and the TC of the
vortex are determined, we can calculate the rotational part of
the phase, denoted � rot(x,y). The total phase of the analyzed
electromagnetic field is then given as

= +x y x y x y( , ) ( , ) ( , )rot irot (9)

Figure 2c summarizes the different steps of the phase
retrieval algorithm used in this work, from the measured
derivative vector D to the retrieved total phase.

Experimental Setup. The experimental setup used to
characterize our MSs is depicted in Figure 1c. A collimated
light source (NKT supercontinuum laser) is directed onto the
sample. The wavelength is set at the MS design wavelength of
630 nm with a spectral bandwidth FWHM of 6 nm. The
sample is imaged onto the plane of a QLSI wavefront sensor
(SID4-HR, PHASICS) using a microscope configuration with
a 40x microscope objective (Nikon, CFI S Fluor Series) paired
with a 200 mm tube lens. Since Pancharatnam-Berry MSs are
sensitive to the input polarization state, we included two sets of
polarizers and quarter-wave plates before the sample and after
the tube lens. They respectively create and analyze circular
polarizations. (see Figure 1c).

■ METASURFACE DESIGN
This study investigates singular MS based on two fundamental
design principles: (i) Effective Refractive Index (ERI) and (ii)
Pancharatnam-Berry (PB) MSs. ERI MSs achieve phase
control by engineering the radius of nanopillars, keeping all
pillars at the same height, which is selected to reach a phase
delay of 2� and high transmission. These nanopillars function

as truncated waveguides, where the desired phase shift is
accumulated through propagation. In this study, we use
circular Gallium Nitride (GaN) pillars with a uniform height of
1 �m and varying radii, arranged in a fixed periodicity of 330
nm (see Figure 3a) and working wavelength of 630 nm. The
incremental step in pillar radius, which directly determine the
phase resolution, is limited by the achievable precision of the
nanofabrication tool. GaN is selected as a material for optical
frequency MS design due to its optical transparency and
relatively high refractive index in the visible range, enabling
efficient phase modulation as a function of the pillar radius.
Finite Difference Time Domain (FDTD) simulations
performed using commercial software Lumerical, allowed us
to predict the transmitted amplitude and phase response of the
GaN pillars (see Figure 3b). The calculations demonstrate that
as the pillar radius varies from 50 to 85 nm, the induced phase
shift spans the entire 2� range while maintaining an overall
transmission efficiency exceeding 80%.

For PB MSs, also referred to as the geometric phase MSs,
phase modulation is achieved through the controlled
orientation of the meta-units rather than variation in their
size. Each PB element consists of a rectangular GaN pillar
functioning as a subwavelength half-wave plate, introducing a �
phase delay between the orthogonal polarization components
aligned with its long and short axes. In this case, we use GaN
rectangular pillars with a uniform height of 1 �m, dimensions
of 240 nm in length and 120 nm in width, arranged over a
period of 330 nm (see Figure 3d). Phase control in PB MS is
achieved by systematically rotating the pillars relative to one
another. When circularly polarized light of a specific handed-
ness illuminates the pillar structures, the transmitted light
undergoes a polarization conversion to the opposite handed-
ness. The phase shift acquired in the converted polarization is
determined by the difference in orientation between each pillar
and the pillar of reference. Specifically, the phase delay is
exactly equal to twice the angle by which a pillar is rotated
relative to the reference orientation. Compared to ERI-based

Figure 3. MS samples design and fabrication. (a) Geometry of ERI nanopillars (top) 3D view and (bottom) top view. (b) FDTD simulations of
phase retardation and transmission efficiency of the ERI nanopillars as a function of their radius. (c) SEM image of a fabricated ERI MS-based
vortex of TC = 3. A zoom on the central area is shown on the left side with a top view and tilted view at 30°. (d) Geometry of PB nanopillars (top)
3D view and (bottom) top view. (e) FDTD simulations of phase retardation and conversion efficiency of the PB nanopillars as a function of the
rotation angle. (f) SEM image of a fabricated PB MS-based vortex of TC = 3. A zoom on the central area is shown on the left side with a top view
and tilted view at 30◦. The design wavelength is 630 nm.
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MSs, where phase encoding requires precise dimensional
variation of the meta-units, PB MSs offer finer phase
discretization. This is because rotation-based phase tuning is
generally easier to implement with high accuracy during
nanofabrication than structural reshaping. FDTD calculations
in Figure 3e confirm that as the pillar orientation varies from 0
to �, the imparted phase shift spans the entire 0 to 2� range,
with a high polarization conversion efficiency exceeding 95%.
Scanning electron microscopy (SEM) images of MSs carrying
a vortex with a TC of 3, fabricated using both ERI and PB
methods, are shown in Figure 3c,f, respectively (details on the
fabrication process are provided in the Supporting Informa-
tion, Note 3).

■ CHARACTERIZATION RESULTS
Vortices Based on ERI vs PB Metasurfaces. To evaluate

the difference in the performance of generating optical vortices
using either ERI or PB MS, we fabricated both ERI and PB
MSs sharing the same phase level sampling design. We
investigated singular MSs with TC ranging from 1 to 10. An
example of design of vortex with TC of 2 is shown Figure 4a
where the 2� phase range was discretized into 14 levels and the
corresponding far field intensity pattern is shown in Figure 4b.
For the ERI design, this phase discretization corresponds to a
2.5 nm variation in the pillar radius. For the PB design, it is
realized simply by rotating the meta-units with an appropriate
angle to reproduce the same design as the ERI one. Figure 4c,g
show the measured phase profiles for singular MSs with a TC
of 2, using PB and ERI MS, respectively. We first observe that
the overall reconstructed phase profiles agree qualitatively and
quantitatively well with the original design. The phase
discrepancies between the design and the measured phase

profiles for PB and ERI MS are shown in Figure 4d,h,
respectively. The results indicate a larger error with respect to
the theoretically expected phase profile for the ERI MS
compared to the PB MS. Additionally, unlike PB, we notice
that the effective number of phase levels (corresponding to
different pizza slices in Figure 4c,g) for the ERI is smaller than
expected from the original design. This is due to the limit of
resolution of our electron-beam nanofabrication tool that is
larger than 2.5 nm and cannot achieve discretizations as small
as 2.5 nm between consecutive pillar radii. With a simple phase
measurements, we are able to assess the resolution limit of our
fabrication process, without the need to move the sample
under an electronic microscope. The intensity profiles, which
relate to the MS transmission (Figure 4e,i respectively), are
relatively homogeneous for both PB and ERI MSs with zones
with lower transmission in both cases. An explanation to these
drops of efficiency may be found in the FDTD simulations
shown in Figure 3. These areas correspond to rotation angles
around 45◦ and 135◦ for PB MS and high pillar radius for the
ERI MS (see Supporting Information, Note 4 for quantitative
comparison between simulation and measurements).

The measured near-field phase and intensity profiles have
been used to compute the far-field profiles for both PB and
ERI MSs shown in Figure 4f,j, respectively (more details are
given in the Supporting Information, Note 6). Singular beams
are associated with donut shape intensity patterns, with
increasing radius as a function of the topological charge.
More far-field maps for different TCs for both ERI and PB
MSs are shown in the Supporting Information, Note 6. In our
experiments, we show that the donut shape intensity profile for
the singular beams realized using the PB MSs are significantly
better than that of the ERI MS ones, but accurately assessing

Figure 4. Characterization of ERI and PB MSs based vortices of TC = 2. (a) Design phase map. (b) Calculated far field intensity. (c) Measured
phase profile for PB MS. (d) Difference between the measured and design phase profiles for PB MSs. (e) Measured intensity profile in the near
field for PB MS. (f) Calculated far-field intensity from the measured phase and intensity profiles for PB MS. (g) Measured phase profile for ERI
MS. (h) Difference between the measured and design phase profiles for ERI MS. (i) Measured intensity profile in the near field for ERI MS. (j)
Calculated far-field intensity from the measured phase and intensity for ERI MS. (k) Estimated RMSE for ERI and PB MS based vortices with
different TCs.
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the errors for each design method using far-field intensity
profile is challenging. Instead, we propose quantitatively
estimating the errors from the phase measurements, high-
lighting the superior metrology capability of QLSI in
characterizing devices simply and efficiently.

Figure 4k presents the root-mean-square error (RMSE)
calculated for the measured phase profiles of vortices with
different TCs created using the two different phase encoding
mechanisms. Details about RMSE estimation are given in the
Supporting Information, Note 5. For all TCs, the RMSE values
for the PB MSs are consistently lower than those for the ERI
MSs. For instance, for TC = 1, the RMSE for the PB MS is
0.22 rad (corresponding to a 3% relative error), while for the
ERI MS, it is 0.4 rad (6% relative error). These discrepancies
can partly be attributed to measurement inaccuracies,
particularly in the precise alignment of the various optical
components. While PB MSs can be more alignment-sensitive
due to the necessity of polarizers and quarter-wave plates for
selecting circular polarization (see quantitative analysis
presented in Supporting Information, Note 7), the errors are
notably more significant in the case of ERI MS, despite its
relatively simpler setup. ERI appears to be more sensitive to
fabrication errors than PB MS. Specifically, since ERI
structures encode information through variations in pillar
radii, any imperfections in size, shape, or tapering of the pillars
can result in substantial phase errors.20 In contrast, PB MSs,
which rely on pillar rotation, are much less affected by the
fabrication. Deviations in birefringence of the PB pillars, i.e.,
deviations in their dimensions from the intended half-wave
values, do not affect the desired phase modulation but rather
reduce the efficiency of circular polarization conversion. A

simulation-based quantitative comparison of the fabrication
error impact on both phase and amplitude of ERI and PB MSs
is given in the Supporting Information, Note 8.

Furthermore, the RMSE values for PB MSs increase slightly
with the vortex TC, averaging 0.53 rad, while the RMSE for
ERI MSs shows a more significant increase with TC, averaging
0.72 rad. This is due to the accumulation of errors within
multiple 2� phase ranges with increasing TC. Additionally, as
the TC increases, achieving homogeneous discretizations of
the phase across the entire sample becomes more challenging,
particularly in the vicinity of the vortex singularity.

Vortices with Non-Integer TC. In actual MS samples and
more frequently for ERI MS, the actual phase-shift introduced
by the sample may differ by a certain factor. Therefore, the 2-pi
shift expected for every turn of a phase spiral may be higher or
lower. This generates what we call a ″noninteger TC″, though
this has no mathematical meaning since a topological charge is
intrinsically an integer. Since MSs allow for the generation of
arbitrary phase profile, we realized MS vortices with noninteger
TCs to assess the capability of our method to characterize
wrongly manufactured MSs. As demonstrated in the previous
section, PB-based MSs exhibit greater robustness against
fabrication imperfections than ERI-based counterparts while
also offering superior phase discretization. Consequently, our
analysis exclusively focuses on PB designs in the following. We
will consider that manufactured PB MSs are true to their
design so that any deviation from the latter is due to
measurement errors.

For our study, we used 180 discrete phase levels,
corresponding to a 1° rotation of the meta-units. The
characterization results for vortices with both integer and

Figure 5. Characterization of PB MS based vortices with noninteger TCs. Design (a) and (b) measured phase profiles for MS vortex with TC = 1.
(c) Difference between the measured and design phase profiles for MS vortex with TC = 1. (d) Calculated far-field intensity from the measured
near-field phase and intensity profiles for TC = 1. Design (e) and (f) measured phase profiles for MS vortex with TC = 0.7. (g) Difference between
the measured and design phase profiles for MS vortex with TC = 0.7. (h) Calculated far-field intensity from the measured near-field phase and
intensity profiles for TC = 0.7. (i) Comparison of the measured and theoretical TCs for different MS vortices. (Inset) zoom on the area with
noninteger TCs. (j) Estimated RMSE for the measured phase profiles of the MS vortices with different TCs. (Inset) zoom on the area with
noninteger TCs.
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noninteger TC are shown in Figure 5. We processed the QLSI
interferograms according to the method described above: we
integrate the irrotational phase and add the solenoidal phase
using the topological charge found by the line integral method,
without rounding it to an integer value. In principle, the
mathematical approach presented above should not apply: in
the case of a integer topological phase, the derivative field is
continuous everywhere except at the vortex axis. For a non
integer vortex, there is a discontinuity half-line in the derivative
field. This means that the Stokes and residue theorems should
not apply because the integration domains cross this half-line.
However, we tested our algorithm with simulated fields and
found out that the retrieved TC fitted the expected one. Note
that we define here the ″noninteger″ topological charge as the
slope of an azimuthal cross-section of the phase. Our
characterization method successfully retrieves the phase
profiles with high fidelity for both integer (TC = 1) and
noninteger (TC = 0.7) phase profiles, as shown in Figure 5b,f,
respectively. While the designed phase profiles are smooth
(Figure 5a,e), the measured phases exhibit radial symmetrical
artifacts, which are more apparent in the maps showing the
difference between the measured and designed phase profiles
(Figure 5c,g). These artifacts are likely caused by the
approximation of periodic boundary conditions during the
simulation of the MS building blocks as well as fabrication
imperfections introduced during e-beam writing. The
computed far-field intensity profiles for vortex MS with TC
= 1 and TC = 0.7 are shown in Figure 5d ,h, respectively. First,
the donut-shaped profile for TC = 1 exhibits a marked
improvement compared to the one in Figure 1f, where coarse
phase discretization was employed (see Supporting Informa-
tion, Note 6 for more details). Second, as expected, the donut
corresponding to TC = 0.7 appears significantly more distorted
than that of TC = 1.

A comparison between the measured and theoretical TC
values for vortex-like MSs with TC ranging from 0.3 to 1 is
shown in Figure 5i, confirming the accuracy of our method in
quantifying noninteger TCs as well. The error bars for
noninteger TC < 1 (inset Figure 5i) are relatively large,
primarily due to the reduced phase variation, which also lowers
the signal-to-noise ratio. This is also confirmed by the

estimated RMSE values shown in Figure 5j. A table
summarizing all the RMSE values for the different fabricated
PB as well as ERI MS-based vortices is given in Supporting
Information, Figure 7. Nonetheless, these findings highlight
our method’s ability to accurately determine noninteger TCs
without necessitating rounding to the next TC. This capability
is particularly interesting for MS-based vortex metrology,
where noninteger TCs may arise from design or fabrication
errors. By leveraging a straightforward optical characterization
approach, we identified singular wavefront discrepancies
without relying on expensive and intricate morphological
analyses.

MS with Multi-Vortex and Other Optical Functions.
To further demonstrate the versatility of QLSI in character-
izing complex phase profiles, this section focuses on the study
of MSs engineered to generate multiple optical vortices, as well
as vortices combined with other optical functionalities,
particularly lens aberrations described by Zernike polyno-
mials.31 The characterization results, bench-marked against
their designed profiles, are presented in Figure 6. We illustrate
several examples of a vortex with TC = 2 combined with
different phase profiles: a lens profile with focal distance f =
700 �m (Figure 6a), astigmatism (Zernike moment )
(Figure 6b), and coma (Zernike moment Z3

1) (Figure 6c). In
each case, the designed phase maps (on the left) are compared
with the associated measured phase profiles (on the right). The
strong qualitative agreement between the measured and
designed profiles is evident, and RMSE values displayed in
the corner of each measured profile (approximately 0.5 rad)
further confirm the ability of our approach in quantitatively
reproducing the intended phase distributions. The observed
discrepancies primarily arise from measurement noise, design
limitations, and fabrication imperfections. Additionally,
artifacts introduced by the phase wrapping process used to
display the results are particularly noticeable in Figure 6b.
They create contrasted colors for points which are actually
close in phase. Figure 6d presents the designed (left) and
measured (right) phase profiles for an MS generating 15
vortices with TC values ranging from −4 to 4. Here also, the
retrieved phase profile closely matches with the design but

Figure 6. Characterization of PB MS with multivortices and other optical functionalities. (a) Design (left) and measured (right) phase profile for
vortex of CT = 2 associated with a lens profile with focal distance f = 700 �m. (b) Design (left) and measured (right) phase profile for vortex of CT
= 2 associated with astigmatism aberration profile. (c) Design (left) and measured (right) phase profile for vortex of CT = 2 associated with coma
aberration profile. (d) Design (left) and measured (right) MS phase profile carrying 15 vortices with TCs ranging from −4 to 4.
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increasing the design complexity also results in slight increases
of the RMSE value to 0.94 rad.

■ CONCLUSION
Our study established Quadriwave Lateral Shearing Inter-
ferometry (QLSI) as a precise, user-friendly technique for
characterizing MSs designed to generate photonic orbital
angular momentum (OAM). Through a systematic compar-
ison of MSs based on the Effective Refractive Index (ERI) and
Pancharatnam-Berry (PB) phase concepts, we reveal that PB-
based MSs offer superior fabrication robustness and phase
accuracy. Our results indicate that PB designs consistently
maintain lower phase errors and higher fidelity in generating
vortex beams. In addition, the capability of QLSI to accurately
measure and analyze MSs with noninteger topological charges
highlights its potential as an essential tool in advanced optical
metrology. We further demonstrated the versatility of QLSI to
characterize more complex phase profiles, including multi-
vortices and vortices combined with other optical function-
alities. The strong agreement between measured and
theoretical phase distribution confirms QLSI as a reliable
and efficient method for evaluating MS performance,
facilitating the optimization of next-generation vortex beam
generators. Overall, our work paves the way for more accurate
and efficient MS-based OAM devices, offering valuable insights
for the development of high-performance optical components
for applications in optical communication, quantum informa-
tion processing, and advanced imaging technologies. Beyond
vortex beams, QLSI can be extended to diverse classes of
structured light fields and complex wavefronts. For example,
multimode and high-power industrial laser beams often
contain phase singularities that strongly influence propagation
and focusing; accurate phase characterization could greatly
improve their control, particularly when combined with
adaptive optics. In optical communications and fiber-based
imaging, precise knowledge of the transmitted phase is crucial
for decoding multimode signals or reconstructing images
through fibers and turbid media. In such scenarios, QLSI offers
a simpler and faster alternative to computationally intensive
approaches such as ptychography, making it a promising tool
for characterizing other photonic devices and materials.
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■ ADDITIONAL NOTE
aIn this paper, we use the term ″derivative vector″ (which is
more general) instead of ″gradient,″ as the latter implies that
the field is inherently conservative.
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