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Phase Devices

Yachao Liu and Guo Ping Wang *

College of Electronics and Information Engineering, Shenzhen University, Shenzhen, China

The growth spurt of novel planar optical devices in recent years has been greatly facilitated
by the rapid development of artificial material designing and nanoprocessing technology.
Traditional optical phase gradient devices cannot be scaled down to sub-wavelength size
due to the confinement of the optical path difference required for versatile phase
manipulation, so new strategies are urgently needed to design compact planar
devices. Here, we develop a series of novel compact planar devices that break the
thickness limitation by taking advantage of the superpositionable, polarization-dependent
properties of the Pancharatnam-Berry phase. Among them, representative compact
devices are fabricated using well-designed dielectric glass plates. Our compact
devices therefore offer a novel and simple scheme to circumvent the accumulation of
transmission loss in a cascade system of phase gradient devices.

Keywords: planar optics, dielectric devices, Pancharatham-Berry, optical integration, orbital angular momentum,
artificial material

INTRODUCTION

Planar optical devices have drawn much attention in recent years because of the development of two-
dimensional (2D) structures including photonic crystals [1], nematic liquid crystal slabs [2], and
metasurfaces [3-5]. By arranging building units in a sub-wavelength scale, artificial 2D structures
present unprecedented performances in shaping the optical wave front. A variety of novel optical
planar devices have been proposed, including holographic metasurfaces [6], ultrathin optical lens [7],
and switchable devices [8, 9]. Different from general ultrathin planar devices, Pancharatnam-Berry
(PB) phase [10] elements define the phase front of light spatially by molding the state of polarization
(SOP) [11, 12]. Moreover, for most PB phase elements, the imposed phase can be modulated by just
varying the incident state, which therefore offers a useful degree of freedom for light manipulation.
Devices including optical planar lens [13, 14], vortex and vector beam generators [15-18], and linear
gratings [19, 20] have been realized based on this principle. However, the cascading of planar PB
phase devices is still restricted in practical applications mostly because of the low transmission rate of
a single device. Although reflective devices have been demonstrated with high efficiency [21], they
unavoidably increase the complexity in the cascading system. Dielectric planar devices exhibited high
transmission efficiency to a larger extent [22, 23]; however, the series cascading of separated elements
requires meticulous alignment in addition.

In this work, we developed a series of novel compact devices based on the mechanism of PB phase
superposition. By integrating several phase diagrams, a single-PB phase device can be used to replace
several separated elements while keeping the transmission rate. Moreover, the polarization-
dependent property is considered in all designs. We further verified our designs by constructing
several practical devices including the vortex beam splitter, Laguerre-Gaussian (LG) mode and
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FIGURE 1 | (A) Polarization evolutions under the modulation of artificial
materials with spatially varying optical axes are constructed. The input and
output SOPs are depicted in the first and third panels, respectively; red and
blue circles represent the right- and left-circular polarizations,

respectively; short arrows enclosed by these circles are the representations of
instantaneous electric field vectors (corresponding to the phase shown in the
fourth panel); dash arrow lines in the second panel show the orientations of
local optical axes. It is shown that the circular polarization is reversed after
passing through the material, and the orientation of the instantaneous electric
field vectors is ordered by the orientation of local optical axes. (B) The
Poincaré sphere are established to exhibit the evolution of SOP. Three
evolving routes marked in red A, B, and C in the sphere highlight the evolutions
under the optical axes with orientation angles 0°, 60°, and 120°, respectively.
As the surface area enclosed by evolving routes on the Poincaré sphere
determines the change of the geometric PB phase, the final phase values
along these three evolving routes from the same direction are represented as
@y = 0°, @y = 120°, and @y + 240°, respectively. Yellow arrows represent the
output orientation of the instantaneous electric field vectors. (C) and (D)
Examples of constructed PB phase devices: vortex beam generator and
circular polarization splitter. Short rods in the plates show the orientation of the
local optical axes, where right- and left-circular polarizations are marked with
red and blue arrows, respectively.

Hermite-Gaussian (HG) mode convertor, high-order
Bessel-Gaussian generator, and spin angular
momentum-orbital  angular momentum  (SAM-OAM)

multiplexer. Benefitting from the superposability provided by
spin, our compact planar dielectric devices may promote the
development of integrating optics.

THE SUPERPOSITION OF
PANCHARATNAM-BERRY PHASE

Light manipulation is significantly based on phase controlling.
Conventional optical devices are obtained mostly by sculpting the
contour profiles of bulk glasses, which impart a fixed phase
distribution to the passing beam. The variation of the optical
path length will lead to the change in the dynamical phase as
(w/c)n - Ax, where Ax is the effective optical path, n is the
refractive index of material, w is the angular frequency of
light, and ¢ is speed of light in vacuum. It is clear that the
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change in the dynamical phase is proportional to the effective
optical path afforded by the device. Thus, a given shape will be
configured to get a phase gradient device, which is usually a great
challenge for processing devices working in visible light.
Moreover, as the full phase manipulation requires phase
control from 0 to 27, the thickness of the conventional device
should be greater than the effective wavelength Ao/n (A is the
operating wavelength in vacuum), which therefore restricts the
miniaturization of these devices.

Different from the conventional dynamical phase accumulated
with the propagation of light, planar optical devices provide an
abrupt phase change through sub-wavelength unit cells. The unit
geometry of size, thickness, orientation, and shape can be
adjusted to tune the additional phase [5]. Moreover, external
fields and environment changes can also be introduced to control
the response of each unit [8, 9]. PB phases are obtained by
ordering the evolution of polarization, which is usually related to
the responses of building units controlled by their orientations [3,
6, 7]. A schematic example of polarization evolution in the
birefringence material is depicted in Figure 1A. The middle
panel shows a material arranged with rotational optical axes in
a preferred direction, and the phase retardation is defined as 7.
Dash arrow lines represent the orientations of local optical axes,
and short black arrows show the instant electric filed vectors. For
a circularly polarized incident beam (left and right circular
polarizations are represented by red and blue circles,
respectively), the instant electric field vectors will be
modulated according to the orientation of local optical axes.
For a circularly polarized beam, it is well known that the temporal
trace of the electric field vector represents the SOP, and the
instant orientation reflects its phase. Therefore, the phase changes
can be mapped to the orientation of local optical axes one by one,
respectively.

To precisely calculate the phase changes, a Poincaré sphere is
applied to concretize the polarization space, which is a unit sphere
involving all the homogenous polarization states, as shown in
Figure 1B. Normalized Stokes parameters (S;, S, and S3) are the
reference coordinates to characterize polarization states. Left and
right circular polarizations are the orthogonal basis sets of the
whole space, which are located at north (0, 0, 1) and south
(0, 0, —1) poles, respectively. According to Berry’s theory [9],
cyclic evolution of polarization states will lead to a phase change
equaling half of the solid angle enclosed by the evolving route in
the polarization space. Thus, the additional geometric phase can
be deduced as ¢ = 0/2, where ( is the solid angle enclosed by the
evolving route in the parameter space. Three representative
evolving routes from the north to the south pole are marked
in red A, B, and C in Figure 1B (the corresponding states are
marked in Figure 1A). It is found that to choose a different
departure route from the north to the south pole, the
corresponding orientation of local optical axes is half the
longitude (tan™'(S,/S;)) of the corresponding routes on the
Poincaré sphere.

The evolutions can be retrieved mathematically by the Jones
calculus, which is a universal tool to analyze light propagation in
different materials. The Jones matrix for a homogenous wave
plate with a fixed optical axis (x axis) can be written as

Frontiers in Physics | www.frontiersin.org

May 2022 | Volume 10 | Article 894703


https://www.frontiersin.org/journals/physics
www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles

Liu and Wang

Planar Dielectric Pancharatnam-Berry Devices

ABN
SN
O NN\
L —~N N\ \

SO
- 5 S

I P e e e S S
\

G O NN O S

q

Frihrrl

NANANANANN

K
)

e e e e o S S, S,
S P

corresponding devices.

Y
AL

MAANAN VAN

N——

/77 /= \\\\\

ERR

FIGURE 2 | Design process of a vortex beam splitter is decomposed to demonstrate the principle of PB phase integration. (A-C) Superposition of a vortex phase

(A) and a linear gradient phase (B) shows a fork-shaped phase (C). A selected point is highlighted with a red dot to show the superposition of phase values. (D-F)
Poincaré spheres demonstrate the polarization evolving routes (green longitude lines) for the desired phase changes (colored regions) corresponding to the specific point
in (A-C), respectively. It is shown that the phase changes can be achieved by controlling the evolving routes. (G-I) Desired distributions of the optical axes are
painted, which correspond to the devices with phase profiles exhibited in the first column. (J-L) Polariscopic analyses are applied to verify the distributions of local optical
axes. Red and green arrows represent the orientation of incident polarization and the analyzer, respectively. (M-0) Experimental intensities obtain by testing the
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(1)
where t, and t, are the transmission coefficients along x and y
axes, respectively; @ is the phase retardation of the birefringence
material. For an inhomogeneous artificial material, the local
optical axes are different in each position; thus, a rotation
matrix can be used to adjust the Jones matrix.

2)

—sina cos«a

cosa sina
where o represents the orientation of the optical axis with respect
to the horizontal direction. Incident polarization |P;) can be
represented as

|P,»n>=[ cos ]Eoei¢, 3)

e sin

where E, is the field intensity, ¢ is the phase term, 0 is the
orientation of incident polarization, and § is the phase difference
between x and y components. When & = + 7/2 and 0 = + n/4,
|P;,,) is selected to be circular polarizations |[L/R) = (1 =+ 7,
where the intensity and phase factor are omitted. Therefore, the
emerging field can be calculated by multiplying them together:

[Pou>= @ ()" - ] - ©(a) - [L/R>

4
71‘(72(,;7%) 4(2(1*2({)7%) )
= rlL/R> e + g IR/L> e ,

where fiyr = [t +t, exp(-iD)]/2 and
Hr = [tx —tyexp(=i®)]/2. Thus, the output field can be
divided into a polarization invariant part and a reversed part,
and the reversed part obtains an additional phase:

AY = -20a. (5)

As the additional phase is related to the orientation of local
optical axes, elements requiring complex phase modulation can
be achieved without increasing the processing precision by using
the PB phase. Theoretically, cascading of optical phase gradient
devices equals the superposition of phases provided by each single
element. Thus, the integration of a finite number of phase
gradient elements can be achieved by constructing a device
with the superposed phase profile. As the periodicity of the
phase value, the superposed phase profile can be reduced to
theinterval [0, 27 ], which corresponds to the local optical axes
orientated in [0, 7] according to Eq. (5).

Figure 2 shows a simple example to explain our principle. The
vortex beam generator (Figure 1A) and circular polarization
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splitter (Figure 1B) are integrated to get a polarization (spin)-
dependent vortex beam splitter (Figure 1C). Figure 2A shows the
phase profile ¥, (x, y) = [-tan"! (y/x) (here [ = 1, and x and y
are the Cartesian coordinates), which enables the conversion
from a general beam to a vortex beam carrying OAM I% (7 is the
reduced Plank constant). Figure 2B shows the phase profile
Yy (x,y)=2m-x/A (A is the phase period), which could
deflect the beam with an angle k;' - 27/A (ky' = Ap/2m, Ag is
the operating wavelength). The superposed phase is given as
follows:

Vi (% y) = Vi(xp) + Pa(x p), (6)

which is shown in Figure 2C. A representative point (A/5,
A/5 -tan7/8) (red dots in Figures 2A-C) is chosen to present
the expected evolving routes on the Poincaré sphere (as shown
Figures 2D-F). To construct the integrated device, the required
optical axis distribution is deduced according to Eq. 5 as follows:

1
a2 (%y) = a1 (%y) + @ (%) = 5 Y (x)- @)

Figures 2G-I are the expected optical axis distributions of the
corresponding phase profiles.

To verify our designs, the femtosecond laser writing technique
is applied to obtain the dielectric planar samples operating in a
wavelength of 632.8nm. Sub-wavelength gratings are constructed
under the laser writing, which can be treated as a uniaxial crystal
with optical fast and slow axes perpendicular and parallel to the
gratings, respectively. The local orientation of the gratings can be
modulated by rotating the polarization of the writing beam. To
examine the orientation of the local optical axes without
destroying  the  structures, polariscopic analyses are
implemented in our experiments, which record the
microscopic images of the structure under crossed polarizers.
Figures 2J-L are the polariscopic analysis results of our samples,
which show a good agreement with the expected optical axis
distributions  (Figures 2G-I). Figures 2M-O are the
experimental intensities obtained by our planar devices. The
ring-shaped distributions in Figures 2M,0 represent the
generation of a vortex beam. The middle spots in Figures
2N,O are the transmitted part of light due to the defects in
our samples.

RESULTS

To show the ability of our principles for designing complicated
planar devices, several compact PB phase devices are constructed
as follows. First, we constructed a convertor for the LG and HG
modes. Both modes are the acceptable forms of transverse
distributions of the electric field in laser cavities [24], enabling
unique practical applications in particle manipulation [25, 26],
light communication [27], and laser processing [28]. The LG
mode can be decomposed into a set of HG modes with the same
order, and vice versa [29]. In traditional optics, a pair of
cylindrical lenses can realize the conversion between LG and
HG modes [30]. However, this kind of convertor cannot be
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miniaturized as suitable separation between the lenses should
be maintained to achieve the transform.

LG-HG Mode Convertor

Both LG and HG modes are widely used in laser applications.
However, the conversion between them does not seem
straightforward because different sources are always needed to
produce these two modes in practical experiments. Most recently,
a PB phase device for the conversion between the general
Gaussian mode and the HG mode has been proposed [31].
Thus, in the optical integration way, the convertor for the LG
and HG modes can be achieved by cascading two independent
devices: an LG-to-Gaussian mode converter and a Gaussian-to-
HG mode converter. The example of phase profiles of these two
devices is demonstrated in Figure 3A (for HG,;) and Figure 3B
(for LGy). Following the designing principles introduced
previously, the superposed phase profile and corresponding
optical axis distribution are presented in Figures 3C,D.
Figure 3E,F show the polariscopic analysis results under
parallel and perpendicular linear polarizers, respectively. Then,
the convertor is examined by an HG;, (Figure 3G) beam and an
LGy; (Figure 3J) beam. Intensities shown in Figures 3H,K
present the results of obtained LG, and HG;; modes,
respectively. To further verify the results, interference
experiments with a general Gaussian beam are implemented.
A typical fork-shaped dislocation shown in Figure 31 confirms
the existence of the LGy; mode. The mismatches of fringe arrays
in Figures 3L,M represent the phase mutation in the direction
orthogonal to the fringes in the tested field, which verifies that the
converted field is an HG;; mode.

Higher Order BG Beam Generator

Second, we build a higher order Bessel-Gaussian (BG) beam
generator. OAM provides an infinite volume for data coding and
shows a new degree of freedom in light manipulation, which is
substantially determined by the spatial property of the beam [21].
Vortex beam possessing winding phase distribution around its
central axis is inherently endowed with a non-zero OAM [32].
Generally, the PB phase arises from the spin (polarization)-orbit
interactions in light, thus presenting good ability in controlling
these two degrees of freedom. In particular, the PB phase is widely
applied in the design of vortex devices in planar optics. BG beams
provide an alternative solution for OAM-carrying beams [33]. A
zero-order BG beam possess a bright central spot, while higher
order BG beams show a dark center as the presentation of phase
singularity. Similar to the higher order LG mode, the higher order
BG beams possess a vortex phase term exp (ilg). Thus, I% units of
OAM are accompanied with the I-order BG beam. Moreover,
benefiting from the property of nearly non-diffraction and self-
reconstruction, higher order BG beams have found great
potential in the optical imaging [34, 35], micromanipulation
[36], and quantum communication [37]. In conventional
optics, the zero-order BG beam can be produced by the
combination of a ring slit aperture and a lens with a fixed
separation or by the axicons. However, the higher order BG
beams cannot be obtained with a single device. Thus, designing a
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FIGURE 3 | (A-C) Phase profiles of the HG11 mode, LGy mode, and integrated phase. (D) Distribution of local optical axes of the desired mode converter. (E,F)
Polariscopic analysis results of the constructed device. Red and green arrows indicate the orientations of the incident polarization state and the orientation of the
analyzer. (G-l) Experimental intensities obtained when the device is working as an HG-to-LG mode converter. The incident HG+14 mode (G) and obtained LGy mode (H)
are demonstrated. Interference fringes (I) imply the phase singularity in the obtained LGo1 mode. (J-M) Experimental intensities obtained when the device is
working as an LG-to-HG mode converter. (J,K) are the intensity patterns of the incident and obtained beams. (L,M) Phase mutations in horizontal and vertical directions,
respectively.

compact device to generate higher order BG beams is of great
importance.

The phase profile of a typical zero-order BG mode is a set of
equal-width concentric annuluses, where the adjacent annuluses
are endowed with distinct phase values in a difference 7 as the
example in Figure 4B. To get the higher order modes, the vortex
phase term (Figure 4A) should be added to the zero-order BG
mode. Thus, we get the superposed phase as demonstrated in
Figure 4C. According to Eq. 5, the local optical axis distributions
are depicted in Figures 4D-F. Dielectric examples are fabricated
to verify these designs. Polariscopic analysis results in Figures
4G-1 suggest the real distributions of the local optical axes, and
their corresponding experimental intensities in Figures 4J-M
clearly verify the ability of the compact devices. As can be seen,
the zero-order BG mode result (Figure 4]) shows a typical BG
intensity with equal-energy annuluses. The higher order mode
results (Figure 4L,M) exhibit dark centers, implying the existence
of phase singularity. In particular, the comparison between
Figure 4K,M shows that the quality of the compact device is
better than the cascading of two elements, where Figure 4M is the
result of the cascaded examples (Figures 4G,H).

Compact SAM-OAM Multiplexer

The last example is an attempt to construct a compact SAM-
OAM splitter. The SAM and OAM multiplexing techniques
promise to enlarge the capacity of light communications in the

fiber and free space. However, the splitting of different OAM
modes is still complicated. A general way is to use the phase plates
with particular profiles to split the modes one by one [24], which
is too complicated to integrate in planar optical devices. Fork-
shaped phase devices (similar to our example shown in Figure 2)
have been proposed to divide the different OAM modes
simultaneously [38]. However, these devices are restricted to
split the opposite OAM modes in the same order. In
particular, when SAM is considered in the system, the splitting
system will become more and more complicated with the
increasing of SAM and OAM channels.

Here, we show the solution by using a compact planar
dielectric device. Figure 5 is the compact SAM and OAM
splitter. As mentioned before, the linear gradient PB phase
device (Figure 1D) can be used to separate different SAM
states. However, in this case, the different SAM states are
deflected to opposite directions. To solve this problem, we
divide the phase plane to different annuluses, the phase
gradients in different districts are varied and the signs of the
gradients are opposite in the adjacent districts. To involve the
different OAM states, each district is assigned with a vortex phase
with different topological charges. Thus, the constructed phase is
shown in Figure 5A, where the phase plane is divided in two
districts for OAM states |I| = 1 and |I| = 2. Corresponding optical
axis distribution and polariscopic analysis results are
demonstrated in Figure 5B-D, respectively. The output
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A

FIGURE 4 | (A-C) Phase profiles of vortex, zero-order BG, and first-order BG beams. (D-F) Local optical axis distributions of expected PB phase devices
corresponding to the phase profiles in the first column. (G-1) Polariscopic analysis results. (J-L) Experimental intensities obtained by using the samples corresponding to
(G-). (M) Intensity recorded when the vortex (G) and zero-order BG (H) generators are cascaded to get the first-order BG.
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FIGURE 5 | (A) Phase profile with two distinct parts along its radial direction. The inner part is designed with OAM/ = 1 and linear gradient with period A = 180um,
while the outer part with / = -2 and A = 180um. (B) Desired local optical axis distribution. (C,D) Polariscopic analysis pictures of the real splitter. (E) Intensity pattern
observed when a Gaussian beam impinges the splitter. (F-I) Individual intensity patterns recorded for each separated mode by filtering the other parts of the output light.
Ring patterns with a dark center are demonstrated. (J-M) Interferences with a general Gaussian beam are implemented, which imply the SAM and OAM modes of
each component. The mismatches in interference fringes indicate the order of topological charge (OAM), while the orientation of the fork patterns reveals its sign (SAM).
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intensities obtained by the sample, when a general Gaussian beam
is illuminated, are exhibited in Figures 5E-I, where Figures 5F-1I
show the normalized intensities of all the separated modes. To
verify their SAM and OAM states, the interference experiments
are implemented for each split mode, as shown in Figure 5J-M.
The fringe patterns show fork-shaped mismatches in the center,
of which the number of staggered fringes imply their topological
charge and the directions of fork are related to their sign of phase
gradient (namely, SAM states in this case).

METHODS

Dielectric Samples

The fabricated samples were constructed inside a silicon dioxide
glass substrate. A polarized high-power femtosecond laser source
was focused to a point under the surface of the substrate to induce
the sub-wavelength grating. The process could be understood in
an interference mechanism. A plasma electron wave would
present in the glass after absorbing the energy of the photons
of the writing beam. Components of the plasma electron wave in
the plane of incident polarization would interfere with the writing
beam. Thus, the negative electrons included in the illuminated
area were redistributed, which led to the rearrangement of ionized
oxide atoms. The structure was “frozen” after reaching the hot
equilibrium, and finally, a grating in size comparable with the
wavelength of writing laser was exhibited. The grating structure
led to the birefringence of light in a specific wavelength. The
effective ordinary and extraordinary refractive indexes could be
obtained after a linear approximation:

no =\ fni - (1- f)nd,n. = = (1= o

where 1, and #, refer to the ordinary and extraordinary refractive
indexes, respectively; n; and n, are the actual refractive indexes of
grain and ridge of grating, respectively; and f is the fill factor.
Thus, the phase retardation was calculated as 27 (n, — n,)h/A,
where h is the writing depth and A is the operating wavelength.
The direction of the nano grating structures can be controlled by
changing the polarization of the writing laser. Samples applied in
this work were fabricated in Altechna R&D. The glass substrates
had a round shape with a diameter equal to 254 mm and a
thickness of 3 mm. The constructed structures possessed a clear
aperture of 8 mm. Uniform phase retardation (7 at 632.8nm) was
fixed for all the samples.
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Polariscopic Analyses
The polariscopic analyses were implemented under a polarized

light microscope. The incident and detect polarizations were both
adjusted by a flat polarizer. A digital camera recorded the pictures
behind the eyepiece lens, and the magnification time was 10 x.

DISCUSSIONS AND CONCLUSION

We have developed a convenient way to construct compact
planar PB phase devices by integrating the phase profiles of
separated elements. The superposition of PB phases is
theoretically analyzed through the Poincaré sphere method.
Several proof-of-principle devices are constructed by using the
high-transmission efficiency dielectric sub-wavelength structures.
The intensity distributions modulated by the conceived
devices show a good agreement with expectations. It is
worth noting that our principles are not limited to realize a
particular planar device, which provides an intuitive way to
construct novel PB phase elements and demonstrates a way to
circumvent the higher transmission loss in a complex optical
system. It can be applied to simplify all the cascaded phase-
controlling elements in optical circuits. Our reported general
principles extend the way to realize complicated planar
devices, ushering in the area of light manipulation and
communications.
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