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Abstract: A symmetric laser beam pair can provide unique control over light–matter interactions.
When propagating within a symmetric slab waveguide, its non-conical diffraction at a specially
designed symmetric leaky waveguide grating can be completely suppressed, a phenomenon we
term zero diffraction. This allows for infinite contrast control of light detrapping from the slab
waveguide. In this paper, we demonstrate the electric control of the local deflection of a beam pair
while preserving its properties. This introduces a novel method for routing optical signals across a
planar waveguide. We utilize a waveguide structure that enables zero diffraction under non-conical
incidence on a 1D grating and design a grating geometry capable of deflecting the beam pair by
approximately 90 degrees. This design is experimentally realized using three different diffractive
elements for trapping, deflection, and detrapping. The deflection is controlled by an electric field,
allowing the deflected intensity to be tuned by a factor of 21.

Keywords: deflection of light; controllable interaction; zero diffraction; symmetry

1. Introduction

Actively controlling the geometric path of light is a key challenge in optics, with
applications in communication, imaging, and information processing. In these contexts,
routing light to a localized spot within an area is often crucial for efficient information
transfers [1–3]. Various applications in this field include optical wiring, photonic intercon-
nects, quantum optics [1], optical signal processing [2], displays [4], holography [5], and
Light Detection and Ranging (LIDAR) [6]. In free-space optics, dynamic beam steering
and spatial light modulation are established solutions for geometric light control, showing
promising applications in display and LIDAR technologies. Notable examples include
Digital Micromirror Devices (DMDs), which offer low losses from the reflected beam and
high deflection angles. However, the flatness of MEMS mirrors is limited by manufacturing
technology, and high scanning speeds cause bending due to high acceleration forces [7–9].
Liquid Crystal on Silicon (LCoS) is an emerging technology for augmented reality but faces
challenges regarding further miniaturization [4,10]. Reconfigurable metasurfaces [11,12]
show promise for display [13,14] and LIDAR [6] applications.

Despite these advancements, effective methods to geometrically manipulate guided
light within waveguides remain limited. While modulating the optical phase in waveguides
by electro-optic effects is well established [15,16], the active and repeatable redirection of
guided light’s path remains a challenge.

In stripe waveguides, Mach–Zehnder interferometer (MZI) switches utilize the phase
differences between two arms controlled by thermo-optic [17] or electro-optic effects [18] to
switch between different output ports with extinction ratios of about 40 dB. This method
can be used for geometrical control, but is limited by structural complexity and deflection
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positions which are defined by the structure. Applications such as information processing
or display technologies require high-density integration featuring numerous controllable
intersections [19,20]. As the number of switches increases, precise structuring becomes
critical. Additionally, factors such as optical loss and crosstalk noise become significant
constraints on scalability [21].

Slab waveguides with less complex structuring offer an additional degree of freedom,
potentially enabling freely selectable deflection positions, but there are limited approaches
to deflect guided light within the plane efficiently. One method utilizes photo-induced
birefringence to switch the diffraction efficiency of an optical grating, which deflects light
within the plane of a slab waveguide at an angle of 30 degrees [22].

In a recent publication, we showed the promising switching behavior of a symmetric
laser beam pair guided in a special slab waveguide. During single interactions with a
center waveguide grating, light is either allowed to exit the waveguide through diffraction
or remains confined with zero diffraction, demonstrating the full control of detrapping in a
symmetric slab waveguide. The diffraction efficiency is controlled by tuning the relative
phase using the electro-optic Pockels effect [23].

Tuning the relative phases of two separate, independently adjusted beams has been
employed to continuously control interactions [24,25]. Here, the emergence of a symmetric
beam pair is a direct result of the symmetry within the waveguide structure. Consequently,
there is no requirement for the independent adjustment of the two beams. Additionally,
due to the symmetry of the slab waveguide, ambient conditions such as pressure and
temperature affect both beams equally, thereby suppressing environmental influences.

However, high-contrast switching demands a perfectly symmetric beam pair propa-
gating through the slab waveguide. Thus, the method’s applicability is limited, as it only
allows for switching at certain specific positions along the straight-line propagation path.
Our goal is to enable controlled detrapping throughout the entire area of a slab waveguide
by actively deflecting the beam pair within the plane of the waveguide. The optimal setup
would permit the accurate deflection of a beam pair with controllable efficiency within
the waveguide’s plane, ensuring both vertical confinement and the preservation of the
beam pair’s symmetric characteristics. Residual light continues its propagation within the
slab waveguide and may be deflected through further interactions. This approach would
enable light to be directed to any location in the waveguide’s area, offering a method with
a much lower form factor compared to existing technologies and, simultaneously, a less
complex structure.

We present the controlled in-plane deflection of symmetric beam pairs, while preserv-
ing their vertical confinement within a slab waveguide. As the first study on this topic, we
consider whether modifying the waveguide grating, specifically by changing the lateral
angle, provides a viable method for in-plane light routing while preserving the symmetric
properties of a beam pair, which is necessary for zero diffraction.

2. Results and Discussion
2.1. A Concept for Detrapping a Symmetric Beam Pair from a Slab Waveguide after Controlled
In-Plane Deflection

The concept consists of three steps (Figure 1a). A symmetrical beam pair is formed by
trapping, as shown in Figure 1c, which involves incoupling, the leveling of amplitudes, and
a phase shift. After controlled in-plane deflection (Figure 1d) at a desired position, the beam
pair is detrapped (Figure 1e) at a single position on the area of the slab waveguide [26]. All
of these steps are based on a symmetrical waveguide with a leaky waveguide grating at
the center and electric control of the relative phase of a symmetrical beam pair.
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Figure 1. Illustration of the concept featuring controlled in-plane deflection. (a) Simplified represen-
tation of a slab waveguide by its interfaces and a guided beam pair. Interactions with the grating are
indicated by black dots (suppressed) or white dots (enhanced). (b) Definition of the used spherical

coordinate system with the vector of incoming waves
→
k

in
at an azimuthal angle θin, polar angle φin,

and lateral vector
→
k

in

|| , (c) illustration of the lateral momentum before (
→
k

in

|| ) and after (
→
k

out

|| ) transfer,

characterized by the addition of vector
→
G at diffraction order m, for trapping (d) deflection with the

grating’s rotation angle φG and (e) detrapping.

The depiction of the slab waveguide is simplified by its outer boundaries. The waveg-
uide grating’s center represents a mirror symmetry plane. Setting this symmetry plane as
the origin, the complex refractive indices follow: (n(z) = n(−z)). Further, the slab waveguide
contains gratings with different grating periods and orientations. In the outer layers of the
waveguide, the relative phase of the symmetric beam pair is detuned, thereby suppressing
the interaction with the waveguide grating. Afterwards, the beam pair propagates almost
undisturbed (black dots). By reverting the relative phase to its initial state, the interaction
becomes enhanced (white dots).

For many applications, an orthogonal deflection is favorable because it results in a
rectangular matrix of individually switchable positions. While deflection defines rows,
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detrapping defines the columns. Unlike trapping and detrapping, deflection involves a
grating vector, which is rotated in the symmetry plane, and therefore requires a conical
description with challenging mathematics. This complexity poses difficulties for meth-
ods such as RCWA (rigorous coupled wave analysis) or numeric calculations. However,
the interaction must comply with the conservation of momentum, which can be repre-
sented graphically.

In general, a plane wave can be described by a wave vector. Figure 1b illustrates the

vectors of a beam pair
→
k

in
incident on the waveguide grating, defined by the azimuthal

angle θin and the polar angle φin. These vectors can be decomposed into a lateral vector
→
k

in

|| and a vertical vector
→
k

in

z . The incident vectors can be expressed as follows:

→
k

in
=

∣∣∣∣→k in∣∣∣∣
sin θin cos φin

sin θin sin φin

cos θin

 =
→
k

in

|| +
→
k

in

z =

∣∣∣∣→k in∣∣∣∣
sin θin cos φin

sin θin sin φin

0

+

∣∣∣∣→k in∣∣∣∣
 0

0
cos θin

 (1)

Due to the symmetry, the beam pair is fully defined by one lateral wave vector along
with the refractive index. The individual beams of the pair differ only in the sign of

their z-component. For the resulting wave vector after the interaction (
→
k

out
), a similar

decomposition occurs.

With the grating vector
→
G, the momentum transfer of a waveguide grating can be

represented in the x–y plane:
→
k

out

|| =
→
k

in

|| +
→
G (2)

The value of the wave vector is given by
∣∣∣∣→k ∣∣∣∣ = nkk0 = nk

2π
λ , where nk represents the

refractive index of the medium in which the wave propagates. In the context of this work,
considerations refer to the refractive index of lithium tantalate nLT . The value of the full
wave vectors inside the medium nLT before and after the interaction needs to be equal, with∣∣∣∣→k in∣∣∣∣ = ∣∣∣∣→k out∣∣∣∣ = nLT

2π
λ . A change in lateral momentum directly affects the z-component

and the azimuthal angle θout. The addition of the grating vector introduces a shift between
the components, resulting in a change in direction.

Figure 1c to e depict the vector combination of lateral vectors in the x-y plane. Con-

sidering the conditions for total internal reflection, where nair
2π
λ ≈ 2π

λ <

∣∣∣∣→k ||

∣∣∣∣ ≤ nLT
2π
λ ,

the green region represents the allowed range of beam pairs guided inside the waveguide.

The inner gray disk
∣∣∣∣→k ||

∣∣∣∣ ≤ 2π
λ defines the range of free-space wave vectors that can exit

or enter the waveguide. Light waves with a resulting momentum
∣∣∣∣→k ||

∣∣∣∣ > nLT
2π
λ outside

the green region cannot propagate within the waveguide. The associated wave vector
→
k

out

z becomes purely imaginary. These waves are evanescently coupled, and no power
transport occurs.

Trapping

In Figure 1c, one single beam incident from the outside with vector
→
k

in

|| is trapped into
the waveguide. The trapped symmetric beam pair propagates with the vector
→
k

out

|| = nLT
2π
λ

(
0

sin θout

)
in the y direction.
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Deflection

Figure 1d depicts the special case of a 90 deg deflection of this beam pair, which is

incident on a waveguide grating with the vector
→
G = m 2π

Λ

(
cos φG
sin φG

)
. With the diffraction

order m = −1, the grating period Λ and the grating’s rotation angle relative to the x-axis
(φG = 135 deg) are chosen such that the lateral momentum after diffraction is given by:

→
k

out

|| = nLT
2π

λ

(
0

sin θin

)
− 2π

Λ

(
cos φG
sin φG

)
= nLT

2π

λ

(
sin θout

0

)
(3)

This corresponds to a deflection of φout − φin = −90 deg while maintaining a constant
magnitude of the lateral momentum. The azimuthal angle stays unchanged θin = θout

(sketched by a gray dashed circle). A suitable azimuthal angle is essential for zero diffrac-
tion. Consequently, the interaction with the waveguide grating can again be suppressed.
Afterwards, the deflected beam pair propagates almost undisturbed.

Detrapping

Along the generated parallel propagation paths (rows) light can be extracted at con-
trolled local positions (Figure 1e). The grating vector is chosen through the grating period

such that the resulting vector has no lateral component,
→
k

out

|| = nLT
2π
λ

(
0
0

)
, and propagates

with an azimuthal angle of θout= 0 deg in the z direction (gray disk).
Combining the deflection and detrapping of a symmetric beam pair, a matrix of single

switchable positions is achieved. In the following section, we discuss the details required
to achieve an orthogonal deflection.

2.2. Visualizing the Impact of Grating Geometry on the In-Plane Deflection of Beam Pairs

In order to achieve precise deflection, it is crucial to adjust the grating vector accord-
ingly. We elaborate on this by presenting the momentum in more detail in
Figure 2 and examine a few examples of grating structures that must be avoided for the
intended application.

In Figure 2a, the decreased value of the grating vector leads to the separate deflection
of two beam pairs. The beam pair associated with the diffraction order m = −1 in the
gray area is deflected by φout

−1 − φin = −45 deg and leaves the waveguide laterally at
φout
−1 = 45 deg, whereas the m = −2 beam pair persists within the green region with

φout
−2 − φin = −90 deg. Conversely, the diffraction order m = 1 remains evanescently

coupled, leading to no power transport. This scenario presents two undesired outcomes:
an outcoupled beam pair and the presence of two permissible diffraction orders. For
controlled in-plane deflection, it is preferable to use a structure that allows only a single
diffraction order. All diffraction orders, except for the required one, are intended to be
evanescently coupled.

Figure 2b illustrates an orthogonal deflection with the desired constant azimuthal
angle (marked as A). To achieve a deflection angle, φout − φin ̸= −90 deg adjustments
to the grating period and the grating angle φG are necessary, as shown for a marginally
decreased deflection angle, marked as B.

In subsequent experiments, we employed optical gratings obtained from commercial
sources, which are characterized by a fixed grating period. A deflection angle
φout − φin = −81.3 deg was realized while maintaining the azimuthal angle.

In summary, deflecting a symmetric beam pair and maintaining vertical confinement
in various directions is possible, including a deflection of 90 deg. To maintain the azimuthal
angle, it is crucial to adjust both the grating period and the grating angle. Both components

of a beam pair are described by the value
∣∣∣∣→k ∣∣∣∣ of the wave vector. The refractive index

symmetry of the slab waveguide enforces the symmetry of the beam pair concerning its
azimuthal angle. The deflection will be verified in the following experiment.
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2.3. Experimental Observation of Controlled Deflection

To validate the theoretical models, we fabricated device stacks designed for in-plane
deflection. A 4-inch lithium tantalate wafer with a thickness of tLT = 500 µm was pretreated
with an excimer irradiation (λ = 172 nm) at a dose of approximately 25 J/m2. This process
aimed to increase the surface energy to enhance the wetting properties of the polymer
solution [27]. Subsequently, the wafer was coated with a 1 µm thick layer of Ormocore by
spin coating, using a solution composed of propylene glycol methyl ether acetate (PGMEA)
and Ormocore. Following a vacuum treatment (p ≈ 1 × 10−4 mbar, duration 10 min), the
coated wafer was cut in two halves, and each half was UV-cured separately.

The first half received a full UV cure (λ = 385 nm) with a dose of approximately
2 J/m2, while the second half was cured with only 10% of this dose. The reduced dose
served to increase the viscosity, thereby decreasing the dewetting of the Ormocore layer.
On the surface of the fully cured half, a silver grating was transfer printed [28,29]. To
achieve this, standard sinusoidal gratings with periods of Λ = 278 nm and 555 nm
were replicated in polydimethylsiloxane (PDMS). The PDMS replica was then coated with
silver (Ag) at a deposition angle of 50 deg. The standard sinusoidal gratings with the
period Λ = 278 nm possess an amplitude of 40 nm. Thus, to prevent the formation of a
continuous silver film, the deposition is limited to a height of 30 nm. This silver film was
subsequently transferred. Finally, both halves of the substrate were laminated together
under a lab press (p = 50 bar) and simultaneously UV cured (λ = 365 nm) with a dose
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2.3. Experimental Observation of Controlled Deflection

To validate the theoretical models, we fabricated device stacks designed for in-plane
deflection. A 4-inch lithium tantalate wafer with a thickness of tLT = 500 µm was pretreated
with an excimer irradiation (λ = 172 nm) at a dose of approximately 25 J/m2. This process
aimed to increase the surface energy to enhance the wetting properties of the polymer
solution [27]. Subsequently, the wafer was coated with a 1 µm thick layer of Ormocore by
spin coating, using a solution composed of propylene glycol methyl ether acetate (PGMEA)
and Ormocore. Following a vacuum treatment (p ≈ 1 × 10−4 mbar, duration 10 min), the
coated wafer was cut in two halves, and each half was UV-cured separately.

The first half received a full UV cure (λ = 385 nm) with a dose of approximately
2 J/m2, while the second half was cured with only 10% of this dose. The reduced dose
served to increase the viscosity, thereby decreasing the dewetting of the Ormocore layer.
On the surface of the fully cured half, a silver grating was transfer printed [28,29]. To
achieve this, standard sinusoidal gratings with periods of Λ = 278 nm and 555 nm
were replicated in polydimethylsiloxane (PDMS). The PDMS replica was then coated with
silver (Ag) at a deposition angle of 50 deg. The standard sinusoidal gratings with the
period Λ = 278 nm possess an amplitude of 40 nm. Thus, to prevent the formation of a
continuous silver film, the deposition is limited to a height of 30 nm. This silver film was
subsequently transferred. Finally, both halves of the substrate were laminated together
under a lab press (p = 50 bar) and simultaneously UV cured (λ = 365 nm) with a dose
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of approximately 2 J/m2. This process resulted in the formation of a symmetric stack
comprising LiTaO3/Ormocore/grating/Ormocore/LiTaO3.

In Figure 3a, we present a sketch of the experiment. Green laser light (λ = 532 nm,
θ < 1.5 mrad) was coupled into the waveguide through an optical grating (Λ = 555 nm)
and propagated in the y direction. The generated beam pair traveled through the waveg-
uide with the azimuthal angle θ = 41.9 deg and interacted with a deflection grating
(Λ = 278 nm; φG = 139.4 deg), being deflected to the x-direction by an angle of
φout − φin = −81.3 deg. Figure 3b shows a photograph of the fabricated waveguide.
Through symmetric lamination, the two layers of lithium tantalate tLT = 500 µm became
orientated in the opposite direction to the c-axis. When a voltage was applied, a phase
difference ∆Φ was induced within the beam pair. The relative phase shift caused by the
electric field can be determined using Equation (4).

∆Φ(λ, θ, E) =
2π

λ
4

(
1
2 n3

0re f f E
)

tLT

cos(θ)
(4)

TE polarization was employed, and the effective Pockels coefficient was
re f f = r13 = 8.4 pm/V [30,31]. Consequently, a difference in electric field strength
of ∆E = 2.2 × 103 V/mm is required for a relative phase shift of ∆Φ = π.

In the first experimental demonstration, the electric field was applied across the entire
waveguide, requiring high voltages. Within the region of the deflection grating, a circular
water electrode with a diameter (d) of 2 cm was placed on the outside of the waveguide.
This very simple single electrode geometry was chosen to avoid electrical breakdowns.
Our study aims to demonstrate independent control of deflection. Because controlled
detrapping has already been investigated, the relative phase on the third grating (enabling
detrapping with a grating period of Λ = 555 nm and visualizing the beam) is not actively
tuned. Controlled interactions are labeled with black (suppressed) or white (enhanced)
dots, while interactions with uncontrolled phase are labeled with gray dots.

In Figure 3c, the deflection at the second point of interaction is suppressed at a field
strength of E = 3.8 × 103 V/mm. In contrast, in Figure 3d, this interaction is enhanced with
a field strength of E = 1.6 × 103 V/mm. The electric field difference matches the expected
value. The individual rows can be selectively manipulated using electric control, as also
demonstrated in Supporting Video S1.

To assess the controllability of the deflection, we conducted measurements using a
Charged-Coupled-Device camera (CCD, Ximea MD120MU-SY). We incrementally applied
an electric field ranging from E = 0 V/mm to E = 10.0 × 103 V/mm in in steps of
0.1 × 103 V/mm. Through electrical control, we reduced the brightness of row 1 to 4.7% of
its original value, while row 2 was reduced to 6.2% of its original value. All measurements
were corrected for a dark current, resulting in contrast factors of the two rows of approxi-
mately 21 and 15, respectively. In the Supporting Information, a similar experiment using
red laser light (λ = 633 nm) and an adjusted slab waveguide structure is provided.

These contrast values are smaller compared to the values greater than 1000 found for
detrapping. However, this is likely due to the increased light scattering that occurred on
the transfer-printed silver grating with a decreasing grating period. Since the deflection
grating requires a period half the size of the detrapping grating, its realization is much
more challenging using our transfer printing technique [28,29]. Future studies will focus
on dielectric, loss-free gratings that are fully compatible with zero diffraction [23]. These
gratings will be produced using nanoimprint lithography [32–34]. Additionally, we aim
to reduce the operating voltage and increase the scalability of our approach. A potential
solution could involve looking into the non-linear effects of thin films or non-crystalline
materials, which have the potential to contribute significantly [35–38]. Also, the utilization
of metasurfaces with optical responses tailored to specific illumination conditions could
enhance the scalability of the procedure and facilitate its operation at lower voltages [39,40].
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3. Conclusions

We developed and studied the concept of in-plane deflection, demonstrating that a
symmetrical beam pair can be deflected within the plane while remaining confined in the
vertical dimension. In first experiments, the intensity of these parallel straight-propagating
rows was modulated by adjusting their relative phase.

Building on this foundation, our method presents exciting synergies with our previ-
ously published detrapping method, offering the possibility to generate a pixel matrix. This
principle has promising applications in on-chip scanning and projection systems, poten-
tially inspiring communication technologies such as information displays and projectors.
These applications require several controllable interactions. Through the generation of
rows and columns, necessary interactions are reduced to a minimum along with structuring
complexity and cost. Scalability is a critical challenge for photonic interconnections. Thus,
this novel method for routing light across a planar waveguide might open a new avenue
for photonic information processing. Addressing the scalability challenges is an aspect of
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our ongoing research. Additionally, the form factor of this method is significantly reduced
compared to free-space methods, as light is guided and deflected within a slab waveguide.

However, there are challenges for this new method that are aspects of our ongoing
research. The operation voltage needs to be reduced, and scalability beyond the size of
a monocrystalline wafer must be addressed. Both challenges are related to the choice of
material and the effect of phase switching.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/opt5030025/s1, Figure S1: Experiment for controlled in-plane
deflection using red laser light (λ = 633 nm). The deflection grating is adjusted for the wavelength
with a grating period Λ = 333 nm and a deflection angle φG = 138.3 deg. (a) Photograph of a slab
waveguide with an applied field strength of E = 0.0 × 103 V/mm, (b) E = 2.7 × 103 V/mm, and
(c) measurement of the detrapped power during the first interaction; Video S1: Experiment for
controlled in-plane deflection.
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