'i) Research Article Vol. 31, No. 15/17 Jul 2023/ Optics Express 24678 |

Chesk for Optics EXPRESS , NN

updates

Design of prism coupling structure for liquid
crystal cladding waveguide beam steerer

ZEKUN B1,"2:3 QUANQUAN Mu,"2:3:" ZHIHUI DiAO,1:2:3:4
YONGGANG LIu,"2:3 CHENGLIANG YANG,1:2:3 ZENGHUI PENG,1:2:3
DAYu L1,1:2:3 WEIFANG FAN,':2:3 AND YUNHuUI Yu1:2:3

! State Key Laboratory of Applied Optics, Changchun Institute of Optics, Fine Mechanics and Physics,
Chinese Academy of Sciences, Changchun 130033, China

2 Key Laboratory of Optical System Advanced Manufacturing Technology, Chinese Academy of Sciences,
Changchun 130033, China

3 Center of Materials Science and Optoelectronics Engineering, University of Chinese Academy of Sciences,
Beijing 10049, China

f’diaozh@ciomp. ac.cn

“muquanquan @ ciomp.ac.cn

Abstract: This paper proposes an extended prism coupling analysis method to accurately
analyze the coupling structure of liquid crystal (LC) cladding waveguide beam steerer. We
analyze the effects of LC anisotropy on the coupling of transverse electric (TE) and transverse
magnetic (TM) modes and derive the expression of the optical field distribution that perfectly
matches the given coupling structure. Based on this method, we present the optimal coupling
structure for Gaussian beam. Taking into account the practical manufacturing process, we propose
a simplified coupling structure and perform a detailed analysis of its performance based on
numerical simulations. Experimental results show a coupling efficiency of 91% and a coupling
angle full width at half maximum (FWHM) of about +0.02°, demonstrating the effectiveness of
the proposed method in predicting the coupling performance of anisotropic cladding waveguides.

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

1. Introduction

Beam steering technology plays a pivotal role in various applications, including microscopy [1],
light detection and ranging (LiDAR) [2,3], and projection displays [4]. Traditional mechanical
beam steering method suffers from the drawbacks of large volume, high power consumption,
limited pointing accuracy, etc. Over the past years, scholars from various countries have been
exploring non-mechanical beam steering (NMBS) technology and have made much progress,
such as acousto-optic deflectors [5,6], electro-wetting electrodes [7], liquid crystal optical phased
arrays (LCOPAs) [8,9], and liquid crystal polarization gratings (LCPGs) [10,11]. Currently,
achieving fast, large field-of-view and high-precision beam steering remains the core technical
challenge faced by NMBS technology.

In 2015, Vescent Photonics [12] reported a Steerable Electro-Evanescent Optical Refractor
(SEEOR), which achieved 50°x15° two-dimensional continuous beam steering at 1550 nm
wavelength. This device is based on refraction, and overcomes the inherent limitations of
diffraction efficiency that affect acousto-optic and LCOPAs devices as the scanning angle
increases. It also provides large continuous angular coverage and eliminates the need for
complicated stacks of small-angle and large-angle steerers as sometimes required by diffractive
approaches. In addition, the device employs liquid crystal (LC) surface molecules for control
and achieves a sub-millisecond response time. In 2018, Jesse A. Frantz et al. [13,14] further
extended this technology to the mid-wave infrared. Figure 1(a) illustrates the cross-section of the
SEEOR structure, which comprises a coupling prism, a common electrode layer, a gap layer, a
core layer, an alignment layer, an LC layer, and a cover glass with driving electrode and alignment
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layer. The SEEOR can be divided into three regions along the z axis: input coupling region,
horizontal beam steering region, and output coupling region (vertical steering region). At the
input coupling region (0 < z < z1), the thickness distribution of the gap and core layers should
be carefully designed for efficient coupling. At the horizontal beam steering area (z; <z < 22),
the thicknesses of the core and gap layer remain constant. The driving electrode at this region
was divided into two parts by a zigzag pattern, as shown in Fig. 1(b). By applying different
voltages to each part, the effective refractive index of the waveguide will change and because
of the refractive phenomenon at each z-shaped interface, the propagating light will be steered,
resulting in continuous beam steering in the y direction. The coupling output region (z > z2) has
the same structure as the input coupling region. By changing the voltage applied to the vertical
steering electrode, as shown in Fig. 1(b), the beam can be steered in the x direction.
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Fig. 1. (a) Cross sectional schematic diagram of SEEOR. (b) Patterned electrodes.

Due to the unique electric control characteristics of the LC cladding layer, this structure
exhibits remarkable performance and developmental potential. However, the LC cladding
exhibits anisotropic optical properties, which poses a challenge to the design and analysis of
prism coupling structures. The coupling structure of SEEOR was based on the prism coupling
principle, which was introduced by Ulrich. In order to analyze the coupling efficiency, Ulrich
[15] established a coupling analysis model based on the weak coupling assumption. In 1981, J.F.
Revelli [16] established an ideal beam function Q* to calculate the coupling efficiency under
arbitrary coupling strength with inverse analysis and overlap integral procedure. By accurately
solving the boundary value problem of the waveguide system, the prism coupling theory was
extended to the strong coupling regime. Simulation results [17] showed that J.F. Revelli’s theory
had high consistency with Ulrich’s theory in the weak coupling limit. However, both theories are
based on isotropic cladding structures and cannot be directly used for LC cladding analysis.

On the basis of J.F. Revelli’s theory, this paper proposes and establishes an extended prism
coupling analysis method suitable for anisotropic cladding structure, theoretically studies the
influence of anisotropic LC cladding on transverse electric (TE) and transverse magnetic (TM)
mode coupling process. A reverse analysis method similar to J.F. Revelli’s approach is employed
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to obtain the field distribution Q* leaked from the waveguide to the prism by accurately solving
the boundary value problem of the waveguide system and further gives the optimal design of
prism coupling structure for Gaussian beam incidence. A simplified coupling structure with
coupling efficiency over 94% was also proposed for the convenience of manufacturing. Finally,
the preparation and performance testing of the device was completed.

2. Q* of SEEOR coupling structure

The input coupling structure was shown in Fig. 1(a), the relative permittivity tensor of the coupling
prism, gap layer, core layer, alignment layer, and LC are &3, &3, €1, &9, and &y ¢, respectively.
The thicknesses of the gap layer, core layer, and alignment layer are denoted as s (z), d (z), and ¢.
For pure TE (E,, Hy, H;) or TM (Hy, E;, E;) modes excitation [18], the orientation direction of
LC can be along the z-axis (LC-z) or y-axis (LC-y). The relative permittivity tensor ez cof LC
can be expressed in the following forms:

Exx
EIc = Eyy . ( 1 )

&z

Exx» Eyy, and &, are the relative dielectric constants of the LC in the x, y, and z directions
respectively. For LC-y orientation, &y, &,y, and &, are denoted as 12, n.%, and n,2. For LC-z
orientation, &y, &y, and &, are denoted as n,2, n,?, and n,>. Here, n, and n. represent the
ordinary and extraordinary refractive indices of LC. By incorporating the relative permittivity
tensor of LC into Maxwell’s curl equations, the decoupled TE and TM modes satisfy the following
differential equations:

PE, 2 2

sz) + ko (8yy — Nefp )Ey =0 @)
62Hy k2 2 &z H,=0 ’

) T KO™ | €z — Neff = ) Hy =

ko represents the vacuum wave vector, and n.gdenotes the effective refractive index of the
waveguide. For TE mode, regardless of the LC orientation, the above formula is always equivalent
to an isotropic cladding structure with a refractive index of eyyl/ 2. For TM mode, under LC-y
orientation, the above formula is also equivalent to an isotropic cladding structure with a refractive
index of n,. For TM mode under LC-z orientation, the &,, and &,, are different, there is no
equivalent isotropic structure and the anisotropic property should be considered carefully.

The field distribution H, of the TM mode in each layer can be expressed as:

. exp(+i&;x)
Hyji = cjz exp(ikonefz) 7 3)

exp(£p;x)

Where the subscript j denotes the layer number (j = 1 refers to the core layer, etc.), while ¢;.
represents the complex amplitude of the field in each layer. The field distribution in each
layer represents as a combination of transverse (x) and longitudinal (z) field distributions. &;
and pjare the transverse wave vectors, defined as &; = ko (n,>-n.g>)"/? and p; = ko (neg*-n;?)'/%.
The transverse wave vector of the TM mode in the LC layer is defined as &ryrc =ko (€4;-
exlexneg ) /? and pryic=ko (ex/exnep?-6,,)'/*. The transverse field distribution for each
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layer can be further expressed as:

Aexp(i&1(x + 5(2))) + Bexp(—i€1 (x + 5(2))) —d(z) = 5(2) < x < —s(2)
Cexp(—p2(x + 5(2))) + Dexp(pa(x + 5(2))) -s(z) £x<0
Hy =1 Eexp(—po(x + d(z) + 5(2))) + Fexp(po(x + d(z) + s(z))) —d(z) —s(z) —t < x < —d(z) — s(z) -
G exp(ié3x) x20
Oexp(prmrc(x + d(2) + 5(z) + 1)) x < —d(z) - s(2) -1

)

A-O represents the complex amplitude. Considering the continuity of the magnetic field H,

and the electric field E; at each interface, eight linear equations can be obtained, which can be
written in matrix form as follows:

1 1 -1 -1 0 0 0 0 A
exp(—i&1d(z))  exp(ié1d(z)) 0 0 -1 -1 0 0 C
ié exp(’ﬁfl @) -i& exx)(;t’é’l d()) 0 0 Lo 2o 0 0 D
My = n n no noy =0.
0 0 exp(—pas(z)) exp(p2s(z)) 0 0 -1 0 E
0 0 —p2exp(=pas(z))  p2exp(pas(z)) 0 0 _i& 0 F
172 no2 n3?
0 0 0 0 exp(pot) exp(-pot) 0O -1 G
0 0 0 0 poexppod)  poexppol) o e | |
no? no? &z
Q)

Where the M is an 8 X 8 matrix containing coefficients associated with complex amplitudes, and v
is an 8 X 1 column vector composed of eight complex amplitudes A-O that need to be determined.
According to linear algebra, only when the determinant of the matrix M is equal to 0, there exists
non-zero solutions for these complex amplitudes. Solving this condition of determinant being
zero can give the value of effective refractive index n.4(z). Due to the presence of a prism, the
neg(z) becomes complex and can be expressed as ngp(z) =nqp1 (2) + ingga (2), where nygo (2)
represents leakage. Furthermore, the complex amplitude coefficient G (z) of the field leaking
into the prism can be calculated using the following formula:

G(2) = mM,7. (6)

Where m is an arbitrary constant, M, is a cofactor of matrix M, and r is an arbitrary row number,
ranging from 1 to 8. Combining the longitudinal field distribution at different z positions, the Q*
of the SEEOR coupling structure can be obtained by:

Q% (2) = G(z) exp (ik() /Z neﬁr({)dg) . 7

Introducing the expression of n.g (z) into the above formula, Q* can be rewritten in terms of
amplitude and phase multiplication:

Q(2) = |Q(2)] exp(ip(Q'(2))) = ‘G(Z) exp (—ko / Z neo(§)dd )

7]

exp (i(go(G(z)) + ko /Z Teff | (§)d{)) .

z)
®)

The amplitude distribution of Q* represents its profile. As evident from Eq. (8), ng
predominantly influences the profile distribution of Q*, whereas n.y primarily impacts the
phase distribution of Q*. As a result, a mode field distribution that perfectly matches the above
coupling structure is obtained. If this field distribution is incident, its coupling efficiency can
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theoretically reach 100%. For any incident beam e;,,, the actual coupling efficiency can be derived
by the overlap integral between e;,, and Q*:

NP
N (G [o51
|{ein] €in™ )| (€2 %)
The denominator represents the inner product between the incident beam e;, and Q* with
respect to themselves, and the numerator’s expression in Eq. (9) is as follows:

(€]

2] 2 21 2
|<e,~n|fz*>|2:( A |e,-n||Q*|cos(so<e,-n>—so(Q*))dz) +( /0 a1 sin(p(en) — ¢(Q")dz

(10)

From the calculation expression for coupling efficiency, it is apparent that two factors affect the

actual coupling efficiency. The first factor is the similarity of contour between the incident beam

and Q*, while the second factor is the phase difference. Consequently, for any incident beam, the
optimal coupling structure can be obtained by optimizing the waveguide structure parameters.

3. Design and performance analysis of SEEOR coupling structure

In this section, a SEEOR for TM mode with LC-z orientation was designed and optimized.
The working wavelength is set to 1550 nm. The high refractive index glass (H-Z1af90) with a
refractive index of 1.946 is used as the coupling prism. The nitrogen-doped silicon oxide (SION)
with a refractive index of 1.845 is used as the core layer, and the silicon dioxide (SiO,) with a
refractive index of 1.455 is used as the gap layer. A 30 nm alignment layer with a refractive index
of 1.5 is placed in between the waveguide core and LC cladding. The LC material is SCB [19],
with ordinary and extraordinary refractive indices of 1.511 and 1.661.

For beam steering applications, the primary goal of designing the thickness of waveguide core
layer is to ensure the stable transmission of TMy mode in the core layer during the modulation
process of the LC layer. Figure 2(a) illustrates the relationship between the effective refractive
index of the waveguide mode and the core layer thickness under two LC modulation condition.
It indicates that the thickness of core layer should between 360 nm to 840 nm for a single TMy
mode transmission. The thickness of the core layer in this design is determined to be 579 nm.

(a) 1.76
1.74
.72 |
1.7 +

5 1.68

1.66 +
1.64

T
leaky loss

1.62

1/e length (mm)

Refractive index

1.6 -
1.58
1.56 -
1.54 -

2k
1.52 0%

f I ' L L L L T r r T T
200 400 600 800 1000 1200 1400 2000 2100 2200 2300 2400 2500

10°

Core thickness (nm) Gap layer thickness (nm)

Fig. 2. (a) The effective refractive index of TM (black solid line) and TM; (green solid
line) without applied voltage, and TMy (blue solid line) and TM; (cyan solid line) with
maximum voltage at different core thicknesses (b) The length of the 1/e amplitude decay of
the core layer (black solid line) and the energy loss caused by a 40 mm leakage transmission
(red solid line) at different gap layer thicknesses.

At horizontal beam steering region, the gap layer must be thick enough to minimize the leakage
loss from core layer to prism. The leakage strength can be evaluated by the propagation length
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at which the amplitude of core layer decays to 1/e due to the leakage. The solid black line in
Fig. 2(b) depicts the variations of this length for different gap layer thicknesses. For a fixed 40
mm transmission length, the percentage of energy loss caused by the leakage is shown by the
solid red line in Fig. 2(b). Consequently, the gap layer thickness is set to 2400 nm, and for a
transmission length of 40 mm, the energy loss caused by leakage does not exceed 0.5%.

For Gaussian beam incidence, the field distribution at the interface between prism and gap

layer can be described by:

2
ein = exp (—(Z ;ZOO) ) exp(—ikons sin(@)z). an
0

Where wy is the waist radius of the Gaussian beam, « is the incident angle at the interface and
200 is the location of waist center. In order to achieve 100% coupling efficiency, the thickness
distribution of gap layer and core layer in the input coupling area is optimized. Figure 3(a)
illustrates the optimized thickness distribution of the core and gap layers. The optimized core
layer thickness was changed from 577.4 nm to 579 nm with an almost linear distribution. In
contrast, the gap layer features a non-linear distribution, with the thickness steadily increasing
from 620 nm to 2400 nm. This output field distribution Q* matches perfectly with the Gaussian
beam distribution, ensuring the realization of 100% coupling efficiency.
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Fig. 3. (a) The distribution of the core layer (red solid line) and the gap layer (black solid
line) under the optimal coupling condition. (b) Phase difference distribution between the
Gaussian beam and Q*(blue solid line), the Gaussian function distribution (black dashed
line), and the |Q*| distribution (red solid line)

In addition, we compared the differences between considering anisotropy and isotropic
approximation to show the importance of including the anisotropy in the model. To apply an
assumed isotropic approximation of LC, the refractive index of LC is set to be isotropic and its
numerical value is calculated by ((2ny% +n.2)13)!2, which is the average refractive index of LC.
Under the same optimal coupling waist radius, Fig. 4(a) shows the comparison of the optimum
gap profiles with two different types of LC’s An (n.-n,): 0.15 and 0.4. All other waveguide
material parameters are the same except for the difference in LC’s An. Correspondingly, Fig. 4(b)
shows the comparison of the optimum core profiles. It can be seen that there is a difference
in the optimal profiles obtained using the two methods. The larger the An of the LC, the more
significant the difference in the results obtained by the two methods.

Considering the small variation in the core layer thickness, we further analyzed the coupling
efficiency under uniform core layer thickness. Figure 5(a) presents the comparison of the |Q*|
under a 579 nm uniform core layer thickness and the optimal core layer distribution. The |Q*|
distribution under the uniform core layer demonstrates virtually no difference when compared
to the optimal core layer distribution. Figure 5(b) illustrates the phase difference distribution
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Fig. 4. Comparison of the optimum profiles for considering the anisotropy and approximate
isotropy. (a) The optimum gap profile under anisotropy (red solid line) and the optimum
gap profile under approximate isotropy (red dashed line) when the An of the LC is 0.15, as
well as the optimum gap profile under anisotropy (black solid line) and the optimum gap
profile under approximate isotropy (black dashed line) when the An of the LC is 0.4. (b)
The optimum core profile under anisotropy (red solid line) and the optimum core profile
under approximate isotropy (red dashed line) when the An of the LC is 0.15, as well as the
optimum core profile under anisotropy (black solid line) and the optimum core profile under
approximate isotropy (black dashed line) when the An of the LC is 0.4.

between the Gaussian beam and Q*, along with the product distribution between the Gaussian
beam contour and |Q*|. In comparison to the optimal core layer, the phase change from z=0 to
z=2.5 mm varies from 0.013 & to 1.067 =, suggesting that the approximation of a uniform core
layer distribution can result in phase mismatch and diminished coupling efficiency. Nonetheless,
the coupling efficiency can still attain 99.3%.
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Fig. 5. (a) The distribution of |Q*| under the uniform core layer (black solid line) and the
optimal core layer (red dashed line). (b) The phase difference distribution (blue solid line)
between the Gaussian beam and Q¥*, as well as the product distribution (black solid line) of
the Gaussian beam profile and |Q*|

Regarding the thickness distribution of the gap layer, we considered the practical process
feasibility and further analyzed the coupling efficiency attainable by a near-linear gap layer
prepared using the offset shadow mask approach reported in the literature [20]. Figure 6(a)
contrasts the difference between the linear gap layer approximation and the optimal gap layer
distribution, setting the gap layer thickness at z=0 to be 400 nm and at z="7 mm to be 2400 nm.
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Concurrently, |Q*| and the corresponding optimal Gaussian beam profile are shown in Fig. 6(b),
a coupling efficiency of 94.8% can be achieved.
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Fig. 6. (a) Linear gap layer approximation (red solid line) and optimal gap layer distribution
(black solid line). (b) The distributions of the Gaussian beam profile (red solid line) and

|Q*| (black solid line).

In addition, the effects of waist radius, center position, and incident angle of Gaussian beam on

coupling efficiency are analyzed. Figure 7(a) illustrates the coupling efficiency variations with
respect to waist radius and center position. For a coupling efficiency over 90%, the allowable
deviation of waist radius and center position are 0.66 mm and 0.58 mm respectively. Figure 7(b)
portrays the coupling efficiency at different incident angles, with the full width at half maximum
(FWHM) of the incident angle being -0.02° ~ 0.021°. This result indicates that the coupling
structure is extremely sensitive to the incident angle and requires precise adjustments during the

experimental process to achieve efficient coupling.
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Fig. 7. (a) The relationship between coupling efficiency and the beam waist radius and
center position of the input beam. (b) The relationship between coupling efficiency and
incident angle.

4. Experiment

The fabrication process of the SEEOR device is shown in Fig. 8. The coupling prism has
dimensions of 39 mm in length, 25 mm in width, 5 mm in thickness, and a 61° wedge angle.
Moreover, a conductive film (ITO) with a thickness of 10 nm to 20 nm covers the upper surface of
the prism, which corresponds to the horizontal beam steering and the coupling output regions. A
near-linearly distributed SiO2 gap layer was deposited onto the coupling prism using the deviated
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shadow mask technique. Following this, a uniform SiON core layer was formed on the base
through sputtering. An alignment layer was then spin-coated onto the core layer and subjected to
orientation treatment. Subsequently, the cell was assembled by placing conventional spacers of
thickness 6.5 pm using UV curable glue. Upon assembly, SCB was introduced into the waveguide
through capillary action, aligning the molecules along the propagation direction. Ultimately, we
obtained a compact device as displayed in Fig. 8(f).

2 py | ————
“pm61° | 5mm _evaporation,_ _ Sputtering H-Z1af0
I Conductive film
() (b © $i0,
Spin coating | Orientation treatment [ sioN
" Final Alignment layer
na S
‘ _ device Assemble — e — Spacer
‘ LC filling I Glass
sl e 5CB
8} (e) ()

Fig. 8. Steps for fabricating the SEEOR device: (a) cleaned coupling prism substrate, (b)
preparing a linear SiO2 gap layer through thermal evaporation, (c) preparing SiON core
layer through sputtering, (d) spin-coating the alignment layer and performing orientation
treatment, (e) assembling the glass cover plate to form the cell and filling with 5CB LC, (f)
actual device sample image.

The coupling efficiency of the SEEOR device was measured using the setup depicted in Fig. 9.
A 1550 nm linearly polarized TEMgg mode laser was used as the light source. The waist radius
can be continuously adjusted by a beam expander from 0.25 mm to 1.25 mm. A half-wave plate
was used to rotate the polarization direction to generate the TM polarized light. The sample
was placed on a four-axis adjustment stage, and a CCD camera was utilized to record the light
propagation and steering process by collecting the scattered light from the waveguide. Finally, a
power meter was utilized to measure the energy associated with coupling efficiency.

..Ol.....
N

Fig. 9. Optical path diagram for coupling efficiency testing.

Figure 10(a) illustrates the light propagation process in the device. The input light (Z;;) is
partially reflected by the surface of the prism (/,), then entered into the prism. Most of the light
(red solid line with arrow) is coupled into the core layer and propagates to the output coupling
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region. During transmission, the scattering caused by LC itself and the surface roughness of the
thin film, as well as the slight absorption of the waveguide material, leads to energy loss. Finally,
it leaks into the prism with 100% output coupling efficiency and then is output through the prism
(Lour)- The light (red dashed line with arrow) that is not coupled into the core layer will propagate
in the prism in the form of total reflection and output from the end face of the prism (/;). By
carefully adjusting the incident angle and coupling position of the incident beam, we can get the
optimum coupling when I, reached its minimized value (I,™"), which is found, independently, to
correspond to a maximum in the waveguide output (/,,,). Then, keeping the incident angle fixed,
slightly moving the coupling position until the /,,, disappears and the I, reached its maximum
value (I,™*), shown in Fig. 10(b). The incident beam deviates significantly from the optimal
incident center position, resulting in a coupling efficiency of 0.

(a) (b)

I —
i = =
N AN oy - /\
L - - \\ I / AN < 8
N o Lo I < AN
NS .

I in : I in

Fig. 10. Schematic diagram of the main beam distribution. (a) Optimal coupling state. (b)
No coupling state.

The values of main beam energy under these two states are shown in Table 1. The prism
coupler’s input coupling efficiency can be related simply to the measured I, intensities by:

Izmax _ 12 min

== 12
T] IZmM ( )

Table 1. Main beam energy under optimum coupling and no coupling

Iin Iy Lous Iy
Optimum coupling state 7.73 mW 0.79 mW 2.0l mW 0.55mW
No coupling state 7.73 mW 0.79 mW - 6.20 mW

The input coupling efficiency calculated by using /> under two states is 91%. Besides using
I, we also consider the propagation process of the beam from I;, to 1,,,. The energy of the
beam entering the prism depends on the input energy multiplied by the transmittance (one minus
the reflectance (/,/I;,)). Under the optimal coupling state, this portion of beam is coupled into
the waveguide with coupling efficiency n. The propagation loss (PL) is calculated by using the
method reported in Ref. [21]. The result in Fig. 11 shows that the PL coefficient is 1.49 dB/cm,
and the device has a total PL of approximately 4.47 dB. The beam leaking to the prism is
multiplied by the transmittance to obtain /,,,;. The input coupling efficiency can also be related to
the measured [, I, I,,;, and PL by:

Iout

—
I (1 - ,Lr) 10~

7= (13)

The calculated coupling efficiency is 90.3%, which is almost consistent with the result obtained
by utilizing Eq. (12). Taking into account various experimental imperfections (Deviations in the
thickness and refractive index of the waveguide layers, Gaussian beam noise), this efficiency is
deemed to be in reasonable agreement with the theoretical value of 94.8%.
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Fig. 11. An image and “intensity (logarithm) vs. distance” plot of a guided intensity of
1550 nm light as it propagates through the LC cladding waveguide.

In addition to testing the coupling efficiency under the optimal coupling conditions, we also
evaluated the device performance when deviating from the optimal coupling conditions. First,
we measured the optimal coupling efficiency for different beam waists. The result in Fig. 12(a)
shows that an upward deviation is less serious in practice than a downward deviation. Then, we
fixed the waist size at the optimal parameters and examined how the beam center position and
incident angle affected the coupling efficiency. Considering the requirement for Gaussian incident
angle in Section 3 and the prism’s wedge angle, the Gaussian beam is refracted into the prism
at an incidence angle of approximately 4.7°. In accordance with Snell’s law of refraction, the
beam center position change at the film-prism interface is about 2.06 times the sample position
deviation, and the sample rotation angle change is about n3 times the coupling angle change. The
experimental results are illustrated in Fig. 12(b) and Fig. 12(c). These results demonstrate good
consistency with the theoretical prediction. After fitting the coupling angle data with a Gaussian
function, the measured angular full width at half maximum (FWHM) is found to be + 0.0205°.
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Fig. 12. Comparison of theoretical and experimental results. (a) Theoretical curve (red
solid line) of normalized coupling efficiency as a function of beam waist and experimental
data (black triangles). (b) Theoretical curve (red solid line) of normalized coupling efficiency
as a function of beam center position and experimental data (black triangles). (c) Theoretical
curve (red solid line) of normalized coupling efficiency as a function of incident angle,
experimental data (black triangles), and Gaussian fit (black solid line) of experimental data.
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At the same time, the beam steering characteristics of the device were also tested. In the
optimal coupling state, we utilized a CCD camera to document the deflection of the beam within
the waveguide as well as the output beam position from the prism, under both voltage-applied
and voltage-free conditions. To capture the output beam, we substituted the power meter probe in
Fig. 8 with an imaging card and recorded the beam’s position by imaging the beam on the card.
Figure 13 illustrates the observed beam deflection. The detail of the internal beam deflection in
waveguide is shown in Visualization 1.

| - | -
| - | -

Fig. 13. (a) Internal beam propagation in the waveguide under the voltage-free condition.
(b) Output beam position under the voltage-free condition. (c) Internal beam propagation in
the waveguide under the voltage-applied condition (see Visualization 1). (d) Output beam
position under the voltage-applied condition.

5. Conclusion

This article investigates the SEEOR coupling structure with anisotropic LC cladding through
theory, simulation, and experiments. The Q* distribution of TM mode under LC-z orientation
mode was obtained for accurate coupling efficiency analysis. The optimal coupling structure
of SEEOR for Gaussian beam is given. Further considering the manufacture implementation
method, a simplified prism coupling structure that can achieve coupling efficiency better than
94%% was proposed. The results show that the coupling structure is relatively insensitive to the
Gaussian beam profile but extremely sensitive to the incident angle, and the FWHM of the
coupling angle is about +0.02°. Finally, we prepared the device and carried out performance
testing. The experimental results were consistent with theoretical calculations. These research
results are of great significance for the development and application of SEEOR.
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