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Miniature Otto Prism Coupler for Integrated Photonics

Kirill R. Safronov, Vladimir O. Bessonov,* Daniil V. Akhremenkov, Maxim A. Sirotin,
Maria N. Romodina, Evgeny V. Lyubin, Irina V. Soboleva, and Andrey A. Fedyanin

One of the main issues in integrated photonics is the coupling of free-space
or optical fiber radiation to waveguides on the photonic chip surface. The
ideal coupler is miniature, highly efficient, and provides a large number of
addressable devices. Here, a new concept of 3D out-of-plane coupler is
introduced, which is a microscale prism exploiting frustrated total internal
reflection in the Otto configuration to excite surface electromagnetic waves or
near-surface waveguide modes. A method for designing the couplers
operating at normal incidence is proposed and it is applied to excite Bloch
surface waves (BSWs) in 1D photonic crystals. Polymer microprisms are
printed using two-photon laser lithography and allow transferring more than
40% of the incident light energy into BSWs. The couplers enable focusing

through its edge at the chip facet. Ef-
fective coupling is achieved by realizing
the field distribution at the entrance to
the waveguide as close as possible to the
lateral field distribution of the waveguide
mode, which is usually Gaussian for con-
ventional platforms. Such couplers pro-
vide wide spectral bandwidth and high
efficiency, which typically exceeds 80%
and can reach higher values, as has been
shown for surface plasmon—polariton!*?]
(SPP) and silicon-on-insulator!>-1>]
(SOI) platforms. However, in-plane
couplers require precise alignment!'®]

BSWSs simultaneously with their excitation. Advanced design prisms can
provide nearly 100% efficiency, making the proposed concept an alternative to

actual coupling concepts in integrated photonics.

1. Introduction

Integrated photonics is an actively developing field providing ro-
bust scalable platforms to implement complex functionalities for
lab-on-chip,l'l quantum optics,?! and even deep learning®! appli-
cations. Miniaturization of optical chips requires subwavelength
light confinement using either narrow step-index waveguides!*-°
or surface electromagnetic waves!’-1% (SEWs) allowing reducing
the waveguide mode size to tens of nanometers.!'!] However, the
typical mode-field diameter of light propagating in optical fibers
or in free space is much larger than the wavelength of light and
hence the size of the waveguide modes propagating in photonic
platforms. This mode mismatch presents a great challenge for
efficient and compact coupling of light to waveguides on optical
chips and imposes the need to develop special devices named op-
tical couplers.

Optical couplers can be in-plane and out-of-plane. Their cou-
pling efficiency is defined as the percentage of light energy trans-
ferred to the waveguide mode. In the case of in-plane couplers,
light propagates along the chip plane and enters a waveguide
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and need to be placed close to the chip
edge,l'”l which reduces the number of
addressable waveguides and significantly
limits the applicability of in-plane cou-
plers in densely packed photonic chips.
Out-of-plane couplers inject incident
light into a waveguide by modifying the direction and/or mag-
nitude of the wavevector. Out-of-plane couplers can be imple-
mented in analogy to edge couplers using mode matching,
whereby the end of the waveguide is bent and pulled out of
the plane of the chip surface.'®2!] More preferred, however,
are compact grating couplers that use a phase-matching mech-
anism to excite waveguide modes with any mode-field profile.
Although gratings can be fabricated together with waveguides
in a single fabrication procedure, they always direct part of the
light into the substrate, exhibiting moderate directionality.!!®!
Grating coupling efficiency up to 87% can only be obtained us-
ing oblique incidence,??) apodized configuration,?}! backreflect-
ing mirrors,** subwavelength structuring,!>?°! and optimiza-
tion process.l?’] As a result, high-performance gratings(?®! require
time-consuming optimization and complex multi-stage manu-
facturing with the highest possible precision.

Another type of out-of-plane couplers utilizing a phase-
matching mechanism are prism couplers that match the projec-
tion of the incident light wavevector with the waveguide mode
wavevector. Prisms are often used to excite SEWs whose typi-
cal mode-field distribution is significantly different from Gaus-
sian, meaning that they are unlikely to be efficiently excited with
in-plane couplers. Prism couplers provide nearly 100% direc-
tionality and coupling efficiency in theory and demonstrate in
the experiment an efficiency exceeding 90% even for high-index
waveguides.[?] Prism couplers can also be successfully applied
for SOI waveguides.?%3!l The simple and popular Kretschmann
configuration’®” assumes the optical contact of the prism to
the platform substrate implying that the materials of the pho-
tonic chip must be transparent at the operating wavelength. This
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Figure 1. Concept of a microprism coupler. a) Schematic of the coupler. A light beam falls on the microprism at normal incidence, reflects off the slanted
face, and hits the air gap between the prism base and the waveguide surface of an optical chip. A waveguide mode or surface electromagnetic wave
is excited under the prism base due to the phase matching condition through frustrated total internal reflection. At the end of the gap, the waveguide
mode under the prism is converted into a waveguide mode that freely propagates along the surface of the platform or in the waveguide on it, thus
implementing highly efficient unidirectional coupling. b) Coupling scheme with designations. Main parameters of the prism that should be optimized
to obtain maximum coupling efficiency are the gap thickness d, angle of incidence ¢, and the position of the beam center x,.

limitation is circumvented by using the Otto configuration,3’]
in which the prism is separated from the waveguide surface by
a gap on the order of a wavelength, filled with air or low-index
material. This makes the Otto configuration beneficial for practi-
cal use, but significantly complicates its implementation because
of the need to control precisely the gap thickness. Being almost
ideal couplers for SEW platforms, conventional prism couplers
are centimeter-sized and require oblique incidence of light, mak-
ing them incompatible with the concept of integrated photonics.
In this paper, we propose the concept of an integrated mi-
croprism coupler that implements the Otto configuration for
focused beams incident normal to the optical chip surface. The
coupler size is scaled according to the size of the beam and is typ-
ically two to three beam diameters. We demonstrate the coupler
for the Bloch surface wave (BSW)[®! platform that is all-dielectric
counterpart to SPP one, but has the advantages of long propa-
gation length®* and ultrawide spectral range of operation (from
UVI®] to mid-IRB®)), making BSW applicable for integrated
photonics, 1331 sensing,[***] and other fields.[*>*! Micro-
prism couplers are printed on the surface of a photonic crystal
using two-photon laser lithography®*! (TPL) capable of creat-
ing efficient in-planel’’l and out-of-plane microcouplers!**-2!]
operating on the mode-field matching principle. The proposed
microprisms use phase-matching mechanism and show the
coupling efficiency of 73% in theory and more than 40% in the
experiment, which is several times higher than the previous
achievement obtained with a grating!>!! for the BSW platform.

2. Results and Discussion

2.1. Design Method

We discuss the method of designing microprisms for SEW plat-
forms, but all the considerations below are also suitable for con-
ventional waveguide platforms. The schematic of the coupler is
shown in Figure 1. The prism is made of a transparent material
with a refractive index n,, and has a trapezoidal shape with an air
gap region of thickness d between the prism base and the surface
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of an integrated photonic platform supporting SEWs or waveg-
uide modes with an evanescent electromagnetic field in air. A
light beam with a diameter w falls on the upper face of the prism
at the normal incidence, then reflects off the slanted face due to
total internal reflection and hits the prism base, where the con-
ventional prism coupling in Otto configuration takes place. The
angle of incidence ¢ on the prism base exceeds the critical angle,
leading to phase matching of the incident beam with SEW and, as
aresult, to the energy transfer through the overlap of the evanes-
cent incoming light and SEW field inside the air gap. Simultane-
ously with the coupling process, the propagating SEW leaks back
into the prism implying that the position x,, of the beam on the
prism base should be quite close to the prism edge x, to terminate
the decoupling process and store the energy in SEW. The maxi-
mum coupling efficiency is achieved due to the best compromise
between the coupling and decoupling processes by proper choos-
ing d, ¢, and x,, values for a given beam diameter w and type of
photonic platform.

We consider an incident Gaussian beam and a uniform air
gap. The theory of prism coupling for this case is detailed by Ul-
rich in ref. [52] for thin-film waveguides and is applied here for
SEWs. The SEW propagation is described by its complex effec-
tive refractive index n.; = Re(n.g) + iIm(n.g), which depends on
the light frequency in accordance with the SEW dispersion law.
The real part, Re(n.q) = kgpy /Ko, depicts the SEW phase velocity,
where kg is a SEW propagation constant, k, is a wavenumber
of the incident radiation in vacuum. The imaginary part Im(n.g)
reflects SEW losses including absorption and leakage radiation.
The SEW excitation is characterized by the resonance in the peak
amplitude of the mode field, which has a Lorentzian lineshape!>?!
and can be written in terms of incidence angles ¢ for the case of
prism coupling

Const

max|E|? = . > >
(ny sin @ — Re(neg))? + (Im(neg))

1)

The resonance maximum corresponds to the phase-matching
condition n,, sin @, = Re(n.q) fulfilled for an particular inci-
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dence angle ¢ = @,,, while the resonance’s full width at half max-
imum is 2Im(n.q). The presence of the prism near the chip sur-
face changes propagation properties of SEW making n.4 depen-
dent on the gap thickness. A decrease in the gap thickness leads
to an increase in the Im(n.q4) value, that is, to additional losses
due to leakage into the prism, as well as to a shift of the SEW res-
onance, that is, to a change in the values of Re(n.g) and excitation
angle @,,. The condition for achieving peak coupling efficiency
determines the gap thickness d and is written in terms of SEW
effective refractive index!°>>3! (Section S1, Supporting Informa-
tion)

2 co8(@e(d))

cos (arcsin (Re(ng(d)) /n,,))
w= =
1.46 ko Im(n.g(d))

pr
0.73 ko Im(ng(d)) @

This condition actually means that for optimal coupling, the an-
gular width of the resonance of SEW propagating under the
prism should be approximately equal to the divergence of the
incident beam. In turn, the SEW angular width increases with
a decrease in the gap, making it possible to implement the op-
timal coupling for almost any beam diameter. When the prism
base length L >> w and Equation (2) is met, the coupling effi-
ciency reaches a maximum value of 80% for a distance between
the beam center and the prism edge!*?!

X, — %y = 0.37w/ cos(@.,) (3)

Equation (3) implies that the beam should be cut off at the right
edge of the prism (see Figure 1b) to prevent the transfer of SEW
energy back into the prism, which begins to dominate over the
coupling process with increasing x, — x,,. For practical applica-
tions, the prism base should be as short as possible, provided the
beam is not clipped significantly by the left edge of the prism.
Thus, it is reasonable to set the base length on the order of the
beam diameter on the prism base: L ~ w/ cos(¢,,). Finally, the
prism height H > Lcot(a) cos(2a), angle a = ¢.,/2 of slope of
the slanted face, and the beam position x, = x,, tan a/(tan 2a —
tan a) on the prism upper face are found from simple geomet-
ric considerations.

We summarize the prism design method that is suitable for
both SEW and conventional waveguide platforms as follows.

1. Calculate the dependence of the maximum field on the angle
of incidence ¢ and the thickness d of the gap. Calculations
can be done using common computing techniques such as
transfer matrix method®*! (TMM) for the 1D case of a multi-
layer structure containing layers of a photonic platform and
two semi-infinite media as a prism and a substrate.

2. Approximate the waveguide mode angular resonance by
Equation (1) for each gap and obtain the values of ¢,, and
Im(n.g) depending on the gap thickness d.

3. Solve Equation (2) and find the optimal gap thickness d and
excitation angle ¢, for a given diameter w of the beam.

4. Find the optimal position x,, of the beam using Equation (3)
and obtain other parameters of the microprism of the desired
design using geometric considerations.

The Equations (1)—(3) are valid for both 1D and 2D Gaussian
beams.[*?] Note that the above theory does not take into account
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the mismatch of the waveguide modes propagating under and
outside the prism. The field distribution mismatch at the abrupt
end of the gap leads to scattering of part of the mode energy
and to a decrease in the total coupling efficiency. These addi-
tional losses can be determined by any conventional numerical
method (FDTD, FEM, etc.). Despite the ability of the method to
very quickly determine the optimal parameters of the coupler,
there are a number of limitations under which the refinement
of the parameters using numerical simulation may be required
(Section S2, Supporting Information). Here we apply the design
method for the BSW platform. The example of the coupler for
SPP platform is described in Section S3, Supporting Informa-
tion.

2.2. Microprism Design for BSW Platform

We design the microprism coupler for a Gaussian beam with a
diameter of w = 10 pm and a wavelength of 4, = 780 nm, which
are used in the experiment. As a BSW platform, 1D photonic crys-
tal (PC) is utilized consisting of ten pairs of alternating layers of
SiO, and Ta,Os sputtered on a glass substrate. PC sustains TE-
polarized BSWs for the near-IR wavelength range.

We use TMM in the first optimization step. The scheme of the
structure under study is shown in Figure 2a. TE-polarized plane
wave falls on the structure from the side of the prism that is a
semi-infinite layer with a refractive index . = 1.5 corresponding
to the refractive index of the polymer!>! used in the experiment.
BSW is detected by a dip in the reflectance spectra (Figure 2b) cal-
culated for the gap thickness d = 1 pm. For =780 nm we found
the BSW parameters Re(n.q) = 1.092 and ¢, = 46.7°. These
parameters are very close to that of BSW on a bare PC, since the
prism has almost no effect on BSW due to the large gap thickness
(Section S4, Supporting Information). The BSW field distribu-
tion normalized to the incident field is shown in Figure 2a with a
red curve, from which the maximum field value max|E|? can be
obtained. We calculate the field distribution in the structure for
the angles of incidence in the vicinity of 46.7° and the gap thick-
nesses starting from 100 nm. As the result, max| E|? as a function
of ¢ and d is obtained in Figure 2c revealing the BSW resonance.
The resonance width increases with decreasing gap thickness,
indicating an increase in radiation losses due to BSW leakage
into the prism. At the same time, the angle ¢, reduces with gap
decreasing. For each gap thickness, we approximate the BSW
angular resonance by Equation (1) and extract the dependences
Re(ng(d)) and Im(n.4(d)). Substituting these values in Equation
(2) we find its solution in terms of gap thickness and beam width,
which is shown in Figure 2d. Dashed lines display the case of
the 10 pm beam width corresponding to the gap thickness of 280
nm, at which the maximum coupling efficiency of 80% is theo-
retically achievable. The inset in Figure 2d depicts the result of
BSW resonance approximation by Equation (1) for d = 280 nm,
giving ¢., = 46.2°. Next, we determine x, — x,; = 5.3 pm from
Equation (3) and then find the face slope angle a = 23.1°, the
prism base length L > 14 pm, and the prism height H > 23 pm.

We verified the obtained optimal coupling parameters by per-
forming 2D numerical simulation using TMM with plane wave
expansion (Experimental Section). This method allows us to
properly take into account the effects associated with beam fo-

© 2022 Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.lpr-journal.org

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

(a) |E[?, arb. un.
0 500 1000 1500 2000
0 prism
gap max|E|?| |d
; I
Sio,
£ 2
kS Ta,0
N 3 < “hw 2,05
crystal
4
5
Re(n.) maxier’,
(c) 107 108 109 11 111 ab-un.
>100
80
£
8 60
5
Q.
8 40
0.3 20

0.1
45 455 46 465 47 475 48
Angle of incidence o, °

Wavelength, nm

Beam width w, um

www.lpr-journal.org

(b) Re(Ner)
R
600095 1 106 1.1 IR
d=1um
200 0.8
780 nm 0.6
8001
3 / 0.4
9001
BSW 02
1000,

38 40 42 44 46 48 50
Angle of incidence @, °

NN W
o o O

a A
o o

oo o

1 02 | 03 04

Figure 2. Optimization of coupler parameters. a) Scheme of the 1D multilayer structure corresponding to the system under study. TE-polarized plane
wave falls on the system from the side of the prism. BSW field distribution at 4 = 780 nm is shown by a red curve. b) Dependence of the reflection
coefficient of the system on the wavelength and angle of incidence, calculated for the air gap d = 1 pm. The reflectance dip signifying BSW excitation is
marked by an arrow. A blue dashed line indicates excitation radiation wavelength used in the experiment. c) Dependence of maximum |E|? value on the
gap thickness and angle of incidence. Dashed line shows the position of the BSW resonance center. d) Dependence of the beam diameter on the gap
thickness for the case of maximum coupling efficiency of about 80%. Black dashed lines indicate the diameter of the Gaussian beam in the experiment
and the corresponding optimal gap of 280 nm. Inset shows Lorentzian approximation of max|E|? angle dependence for d = 280 nm.

cusing and to refine the optimal parameters of the prism, which
is especially important for cases of tight focusing, when the ana-
lytical theory becomes inaccurate (Section S2, Supporting Infor-
mation). An example of a 2D electric field distribution |E(x, z)|?
for the case of optimal coupling is shown in Figure 3a. The beam
is focused on the base of the prism at the point x,, = 0. As BSW
propagates under the prism, the amplitude of the BSW field first
increases to its maximum at the point x,,,, and then decreases
due to leakage back into the prism. The theory suggests that we
must cut the prism at the point x, = x,,,, to obtain the maximum
coupling efficiency. However, for a more accurate determination
of x,, we should take into account the coefficient x of energy
transfer from BSW under the prism to BSW on the bare PC,
which can depend on x and is defined by the overlap integral
of these BSWs. For each pair of ¢ and d, we calculated E(x, 2),
k(%) and determined maximum coupling efficiency # and corre-
sponding x, — x,,. The 5(¢, d) dependence shown in Figure 3b
reveals a peak coupling efficiency # = 77% at an incidence angle
Qo = 46.2°, gap thickness d = 290 nm, and x, — x; = 5.9 pm.
Thus, the parameters found using analytical theory are very close
to those obtained by numerical simulation. The 3% reduction in
coupling efficiency in the simulation is caused by BSW scatter-
ing at the prism edge due to mode mismatch. A black contour
in Figure 3b shows the parameter area with the coupling effi-
ciency greater than 50%. We observe an excellent robustness of
prism efficiency to fabrication errors: the gap thickness can vary
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within more than 200 nm (Figure 3c), while the angle of slanted
face within a degree (Figure 3e). In addition, Figure 3d shows the
dependence of coupling efficiency on the beam position for the
optimal case, also demonstrating the tolerance of prism couplers
to beam position errors that can reach +3 microns. Notably, the
BSW excitation with # > 10% is possible for the case of a zero gap,
when the beam hits the corner of the prism (Section S6, Support-
ing Information).

Finally, we verified the obtained results by performing the 2D
FDTD simulation for the prism with the optimal parameters and
H=35pm, L =16 pm (Figure 3f). The calculated efficiency is
73%, which is 4% less than the value obtained by TMM due to the
reflection of the incident beam from the upper face of the prism.

2.3. Experiment

The microprisms of various shapes with a = 23.1°, L = 16 pm,
H=28um, and d=0—-1 pm were fabricated from SZ2080
photoresist on the PC surface using custom TPL setup®®! (Ex-
perimental Section and Section S7, Supporting Information).
The scanning electron microscopy image of the printed prism
schematized in Figure 1 is shown in Figure 4a. The quality of
the air gap is studied using phase-sensitive optical coherence
microscopy®”) (Section S8, Supporting Information). The typi-
cal profile of the base surface of the microprism with average
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Figure 3. Verification of coupler parameters using numerical simulation. a) 2D field distribution inside the structure shown in Figure 2a with a gap
d =290 nm. A Gaussian beam with 4y = 780 nm and w = 10 pm is focused on the prism base at point (0, 0) and at an angle of incidence of ., = 46.2°.
Borders of photonic crystal layers and the prism base are shown with white lines. b) Dependence of coupling efficiency # on the gap thickness d and the
angle of incidence @ = 2a for the optimal beam positions x, — x. A black contour shows the parameter area in which the coupling efficiency exceeds
50%. c) Dependence of coupling efficiency 5 on the gap d for ¢ = 46.2° at optimal beam position x, — x for each d. d) Dependence of coupling
efficiency # on the position of the incident beam for the optimal values of d = 290 nm and ¢ = 46.2°. e) Dependence of coupling efficiency 1 on the
angle ¢ for optimal d = 290 nm. Dashed lines in (c), (d), and (e) indicate the range of parameters for which the coupling efficiency exceeds 50%. f)
Intensity distribution in the studied system calculated using FDTD for optimal parameters: d = 290 nm, ¢ = 46.2°, « = 23.1°, and x, — xy = 5.9 pm.

d =200 nm is shown in Figure 4b. The surface is almost flat
along the y-axis and is convex along the x-axis corresponding to
the BSW propagation direction. The convex shape can be the re-
sult of polymer shrinkage due to a higher exposure dose in the
center of the prism with respect to its edges. Nevertheless, the
gap does not contain any considerable defects or roughness and
can be printed up to 50 nm thick (Figure S8, Supporting Infor-
mation). The observed gap nonuniformity does not significantly
affect the coupling efficiency as shown in Section S9, Support-
ing Information.

The BSW excitation was studied using leakage radiation
microscopy!t%°# (LRM) detailed in Experimental Section and Sec-
tion S10, Supporting Information. By detecting radiation leak-
ing from BSW through PC, we visualized the BSW propagation
as shown in Figure 4c. We defined the BSW propagation length
Lysw as the distance at which the BSW intensity decreases by e
times and obtained the value Lyqy, = 1.4 + 0.1 mm. We also deter-
mined Re(n.) = 1.097 +0.010 (Section S11, Supporting Infor-
mation), which is in an excellent agreement with the theoretical
value of 1.092 predicted by TMM for BSW on the bare PC.

The BSW coupling efficiency was evaluated depending on the
incident beam position (x,,y,) by two methods. We used the
prisms with two identical slanted faces (« = 23.1°, Figure 5a) and
measured the powers of reflected, transmitted and leaked beams
depicted in Figure 5b. The first method assumes that all radiation
that is not part of the transmitted or reflected radiation is coupled
to BSW (Experimental Section and Section S12, Supporting In-
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formation). This method provides an upper estimate for coupling
efficiency giving the maximum value # = 54% in the experiment
for the prism with d = 300 nm. In the second method, only the
BSW leakage radiation power is measured, which is proportional
to the BSW power and therefore to the coupling efficiency (Exper-
imental Section and Section S13, Supporting Information). Due
to neglect of BSW scattering, the method gives the lower estimate
for n value. Figure 5c shows the 5(x,, y,) map obtained by the sec-
ond method for the most efficient prism with d = 300 nm (the ef-
ficiency map obtained by the first method is shown in Figure S12,
Supporting Information). The maximum efficiency of 40% is ob-
served for y, = 0 corresponding approximately to the gap center
and x, = —7 pm very close to the value predicted by the calcula-
tions (Figure 3d). The obtained efficiency is more than twice the
previously reported value of 18% for the BSW platform.[5!) We
also observe that BSW is excited with an efficiency greater than
10% in the regions of the prism legs, as the beam reflected from
the slanted face hits the corner between the leg base and the sec-
ond slanted face, implementing a kind of Otto configuration with
zero gap (Section S6, Supporting Information).

The upper and lower estimates of the maximum coupling effi-
ciency obtained by scanning prisms with various gap thicknesses
are shown in Figure 5d by red and blue dots, respectively. The or-
ange curve represents the theoretical dependence of the coupling
efficiency shown in Figure 3¢, taking into account the reflection
of the beam from the upper face of the prism. The maximum
coupling efficiency in the range from 40% to 54% is observed
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Figure 4. Experiment with prism couplers. a) Scanning electron mi-
croscopy image of the polymer microprism with d = Tpm printed using
two-photon laser lithography. b) Air gap profile with an average thickness
of d = 200 nm measured using optical coherent microscopy. Green curves
show average gap profiles along x and y axes. Blue curves show the sub-
strate surface. The minimum gap thickness is 160 nm. c) Leakage radiation
microscopy image of BSW excited by the microprism coupler with d = 300
nm. Laser radiation (4, = 780 nm) is focused at the normal incidence on
the prism into a 10 pm spot. Prism borders are shown with red lines.

at the gap thickness of 300 nm, as predicted by the theory. The
lower values in the experiment are associated with light scatter-
ing by inhomogeneities on the prism surfaces, as well as with
deviations in the excitation angle because of fabrication errors.
We believe that the precision in microprism fabrication required
to achieve the theoretical coupling efficiency is readily available
for commercial TPL printers.

It is possible to focus waveguide modes simultaneously with
its excitation by making the slanted face in the form of, for ex-
ample, a conical mirror, as shown in Figure 6a. The focal length
of the total reflection mirror is 40 pm and the focusing numeri-
cal aperture is 0.14. The LRM image of propagating BSW shown
in Figure 6b demonstrates the BSW focusing into a diffraction
limited spot 3.1 + 0.3 pm in diameter (Figure 6¢, Sections S7 and
S11, Supporting Information). The ability to change the slanted
face profile in different ways depending on the z coordinate re-
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veals new interesting possibilities in beam shaping of SEWs or
waveguide modes.

2.4. Discussion

To summarize, we have proposed the concept of a miniature out-
of-plane prism coupler designed to couple light into waveguides
on an optical chip using the Otto configuration. We have pre-
sented a method for determining the optimal parameters of the
microprism with a uniform air gap for a given beam diameter and
the type of photonic platform, providing the coupling efficiency
up to 80%. The concept is validated on the BSW platform by cou-
pling a 10 pm Gaussian beam to BSW using polymer microprism
with a size of about 30 pm and a gap of about 300 nm, printed
on the surface of a 1D photonic crystal by two-photon polymer-
ization technique. Fabricated proof-of-concept couplers show an
experimental BSW excitation efficiency of more than 40%, which
exceeds significantly the previous achievement of 18% obtained
using a grating for BSW excitation. Coupler performance demon-
strates excellent resistance to fabrication and alignment errors as
well as gap nonuniformity. In addition, we show the possibility of
manipulating the waveguide mode by fabricating a coupler that
focuses BSW simultaneously with its excitation.

We note some general properties of the proposed prism cou-
plers for the case of an air gap and normal incidence. The cou-
pler allows one to excite waveguide modes with 1 < Re(n.q) < n,,
implying that the material of the prism limits the coupler appli-
cability. In most cases this means that the prism can be made
of the same material as the waveguide, since the effective re-
fractive index of the mode with evanescent field in air is less
than that of the waveguide material. In addition, subwavelength
structuring allows the effective refractive index of the modes of
SOI waveguides to be reduced down to 1.45,[*] making micro-
prism couplers printed from high index (n = 1.61°°)) photore-
sists potentially applicable for the SOI platform. To fulfill simul-
taneously the total internal reflection conditions on the slanted
face and on the prism base, the slope angle a must fall within
the range z/2 — arcsin(1/n,,) > a > arcsin(1/n,,)/2. Hence the
coupler starts functioning at , and the excitation of waveguide
modes in the entire possible range of effective refractive indexes
becomes available at, as the maximum slope angle reaches 45°.
Both conditions are easily met in the visible and IR ranges for
almost any transparent material, making the choice of prism ma-
terial dependent only on the maximum Re(n.g) of the waveguide
mode to be excited.

Microprism couplers possess several advantages over diffrac-
tion gratings. First, directionality of gratings is considerably less
than 100%, that is, part of the waveguide mode energy is always
directed by the grating into the substrate,'®] which is not the
case for prism couplers. To increase the grating directionality,
special techniques such as backreflectors should be applied,!®]
which makes grating fabrication more complex. Second, state-
of-the-art coupling efficiency is demonstrated for an incidence
angle of about 10°,12428] while perfectly vertical grating couplers
are significantly less efficient.[®®) Contrary, by varying the angle
of the slanted face, the microprism can be flexibly adjusted for
any angle of incidence, including the normal one, without affect-
ing the coupling efficiency. Third, all high-performance gratings

© 2022 Wiley-VCH GmbH
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Figure 5. Coupling efficiency measurements. a) Scanning electron microscopy image of the polymer microprism with two identical slanted faces (a =
23.1°). The prism is scanned by the incident beam in the area indicated by black dashed lines. b) Schematic of the experiment for determining the coupling
efficiency. The powers of incident (P;,.), reflected (P:eﬂ, Przeﬂ)’ transmitted (Pyans), @and leaked (P, ) beams are measured for each position (xy, y) of the
incident beam. c) The coupling efficiency (xy, yo) obtained by measuring the BSW leakage radiation power P, (xo, Yo), Which is proportional to 5. Prism
borders are shown with white lines. d) Coupling efficiency measured versus gap thickness d. Red and blue dots show the upper and lower estimates
of the coupling efficiency. An orange curve is the calculated dependence shown in the Figure 3c, taking into account the losses due to reflection of the
incident beam from the upper face of the prism.

© - — have been demopstr.ated for the SOI pla{tform. .They operate in
2=3.103 pm L - Exp| the ’Eelfzcommunlcatlon' range, possess high optical contrast and

i a minimum element size of down to 100 nm.[?>28] As a result,
i 4 the scaling of the grating technique into the visible or near-IR
ranges faces great technological challenges, if at all possible. Mi-
croprisms can be easily fabricated to operate in the visible range,
since even then they require a gap of several hundred nanometers
thick. In addition, the coupling efficiency of the prisms is not lim-
ited to optical contrast, meaning that they are perfectly suited for
low index platforms such as BSW and SPP platforms. The foot-
print of the prism is determined by the lateral dimensions of the
gap, which, as in the case of gratings, is equal to the size of the
incident beam, taking into account, however, that the length of
the gap is increased by a factor of 1/ cos(e,,). Together with the
legs and the inclined face, a typical microprism coupler will be
two to three times larger than the grating. Additive technologies
Figure 6. Demonstration of the focusing coupler. a) Scanning electron mi- provide mgny addl_tlonal advantage,s' For example, rglcropr_ls.ms
croscopy image of the microprism with the slanted face in the form of a <311 be fabricated simultaneously with fiber holders !} providing
conical mirror with a focus length of 40 pm. b) LRM image of the BSW  micron control of the beam position x, on the prism and a robust
propagation. Prism borders are shown with red lines. ¢) BSW intensity  optical connection. Also, the prism can be created initially on the
distribution in the focal plane shown by the red dashed line in panel (b).  end of the fiber!®? and attached to the photonic platform in ar-
Experimerltal <'iata are shown Yvith blue'dots. Red dashed curve is the result bitrary places, realizing a kind of probe for diagnosing photonic
of approximation with Gaussian function. circuits. To inject light into a photonic circuit, the microprism
coupler can be fabricated over a wide waveguide, which is fur-
ther tapered to the size of a single-mode waveguide. The ability

e
o o=
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to focus light with the prism provides additional flexibility in pho-
tonic chip design.

The main idea of the Otto configuration, which makes its
use in integrated photonics extremely attractive, is the controlled
broadening of the waveguide mode angular resonance to the di-
vergence of the focused incident beam, thus coupling all spa-
tial components of the beam to the mode. This approach is par-
ticularly relevant for the excitation of high-Q waveguide modes
whose resonances are much narrower than the divergence of ra-
diation emerging, for example, from conventional single-mode
fiber. The angular resonance width is adjusted by varying the
gap thickness, which in the case of TPL printing is controlled
with nanometer precision by a conventional piezo stage with-
out resorting to complex techniques such as focused electron
beams. The application of the prism microcouplers is not lim-
ited to the integrated photonics. Conventional Otto configuration
is successfully applied for sensing,[®*%* and the proposed micro-
prisms can be used as integrated microsensors operating at nor-
mal angle of incidence. Another potential application is surface
wave resonance microscopy,*?l where a set of microprisms can
be used to illuminate the area of interest from all directions.

Finally, the limitations in maximum coupling efficiency indi-
cated for the uniform gap can be overcome, bringing the effi-
ciency close to 100% without affecting the microprism size. The
easiest way is to implement a wedge gap, the thickness of which
increases in the direction of waveguide mode propagation.>3] An
increase in thickness leads to a decrease in the decoupling pro-
cess and adiabatically brings the parameters of the mode un-
der the prism to the parameters of the mode outside the prism,
avoiding the mode mismatch scattering by analogy with adiabatic
tapers.|®] With proper optimization of the TPL process, creating
a wedge-gap prism should not be very complex.

3. Experimental Section

BSW Platform and Prism Printing: PC was designed to sustain TE-
polarized BSW at 780 nm and composed of ten bilayers sputtered on top
of a glass substrate (170 pm thickness, n,s = 1.52). Each bilayer con-
sisted of a 204 nm thick SiO, layer (ngio, = 1.45 at 4 = 780 nm) and 142
nm thick Ta, Os layer (nr, 0, = 2.07 at 4 = 780 nm). The terminating layer
is SiO,, which enabled BSW excitation on a bare PC.

Microprisms were printed on top of the PC using custom two-
photon laser lithography setupl>®! based on Ti:Sapphire laser (Coherent
Chameleon, 4 =780 nm, 150 fs pulse duration, 80 MHz repetition rate). A
droplet of SZ2080 photoresist was placed on the PC surface and baked for
45 min at 95 °C to evaporate the solvent. Using an oil-immersion objec-
tive lens (NA = 1.3, 100%, Olympus), the laser beam was focused into the
photoresist through the PC (Figure S6a, Supporting Information) that is
transparent to the wavelength of the exposure radiation. The beam waist
was moved in the sample (xy) plane using a fast steering mirror (New-
port FSM300) and in the vertical (z) direction using a piezo stage (New-
port NPO250SG), providing layer-by-layer printing of a prism from bot-
tom to top in about 9 min. The computer models of all prisms had a gap
of 5 pm (Figure S6b-d, Supporting Information). The gap between the
prism base and PC surface was adjusted by shifting the lower point of the
model into PC by value zy,¢. Before printing each prism, the dependence
of two-photon luminescence signal of the photoresist was automatically
measured on the z-position of the beam waist during its movement across
the PC surface. The waist position corresponding to the maximum of the
derivative of the obtained dependence was taken as the reference,[%¢] from
which the model was shifted by z,;,5. The set of prisms with various gaps
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was printed on a common PC in a single exposure procedure when the
Zg,i5 value was changed by 100 nm from prism to prism. The printed struc-
tures were developed in methyl isobutyl ketone during 12-14 h using an
orbital shaker and then rinsed with isopropyl alcohol.

Transfer Matrix Method with Plane Wave Expansion: Using general
method, the optimal parameters of the prism coupler for the case w > 4,
can be quite accurately determined, where 4, is the wavelength of light
incident on the prism. However, 2D calculations are required to refine the
optimal coupling parameters in cases of tight focusing, as well as to de-
termine the coupling efficiency and the effect of fabrication and beam po-
sitioning errors on it. Here, TMM was complemented with a plane wave
expansion approach for performing 2D calculations in layered structures
with parallel boundaries that are typical of most waveguide platforms. The
method works for nonparallel (i.e., focused or divergent) beams and is
more accurate and much faster than Lumerical FDTD in the case of a large
number of interfaces (Section S5, Supporting information).

In its own coordinate system (x/, Z’), the incident Gaussian beam field
was represented through the Fourier transform as a set of plane waves

E(Xl, Z/) - / S(kx/)eierx’+ikz/z/dk)(, (4)

with amplitudes corresponding to the angular spectrum of the beam

N
27

where ky = 1/k2 —k)z(,, k=2xn, /Ay is the wavevector in the prism.

The coefficient \/w/24/7 ensured that the same beam power P, =~
[ 1E(')|2dx" was maintained for different beam widths w. For calcula-
tions, the parameters k, and S(k,) of the incident beam were taken in the
sample coordinate system (x, z) that is rotated by the angle of incidence ¢
relative to the beam coordinate system (¥, z/). TMM was used to obtain
the electric field distribution E(z) for each k,, that is, to find E(k,, z). Next,
the 2D field distribution was calculated

wky 2

S(ky) = e (= (5)

E(x,2) = / E(k,, 2)S (k) VI Kzgp (6)

an example of which is shown in Figure 3a. Now, for each position x, of
the prism edge, the coupling efficiency can be found as

n(xe) = K(Xe)P(Xe)/Pinc (7)

where P(x,) is the total power of the surface wave at the prism edge, and
K (x,) is a coefficient indicating what part of the energy of BSW under the
prismis transferred to BSW on the bare PC. The BSW power was calculated
as the flux of the Poynting vector through the cross section of PC

P(x) = / L [E x H,dz (8)
4r

H(x, z) can be obtained through the Fourier transform using amplitudes

H(k, 2) = n(z) Stk,) [E(k,, 2) X k(k,, z)]m, where n(z) is the refractive

index of the layer with coordinate z. k (x) was found by calculating the over-
lap integral of the BSW field distribution under the prism and the field
distribution Eggy of BSW on the bare PC surface

|/ E*(x 2) Egsydz|®
K = - . )
[ 1E(x,2)|2dz [ |Egsy|?2dz
From the dependence 7(x,), an example of which is shown in Figure 3d,
the maximum coupling efficiency and the corresponding value of x, — x),
were found. Repeating the calculation procedure for each ¢ and d, the
dependence of maximum efficiency #(¢, d) shown in Figure 3b was found.

© 2022 Wiley-VCH GmbH
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Leakage Radiation Microscopy: During the BSW propagation along the
PCsurface, part of its energy is lost in the form of radiation leaking through
PC into the substrate at an angle 6 corresponding to the phase-matching
condition ngy, sin @ = Re(n.g), where ng is the substrate refractive index.
This leakage radiation can be collected using an objective lens with NA >
Re(n.g). Leakage radiation intensity is proportional to the BSW intensity.
As a result, BSW can be visualized and its parameters can be measured
by filtering the radiation in the k-space and directing only the BSW leakage
radiation to the detector.

The scheme and details of the LRM setup are described in Section S10,
Supporting Information. Radiation from a 780 nm laser diode was focused
in the back focal plane of an air objective lens (NA = 0.95, 100x), which
then focused the beam on the prism base into a 10 pm spot. Polarization of
incoming light was set perpendicular to the long side of the gap. The trans-
mitted and BSW leakage radiation was collected by an oil-immersion ob-
jective lens (NA = 1.3, 100%, Olympus), while the reflected and backscat-
tered radiation was collected by the focusing air objective lens. Thus, all
radiation was collected except for the beams scattered at angles of 0-20°
to the PC surface. The transmitted radiation was filtered using an aperture
and a slit set in the intermediate images of front and back focal plane of
the oil-immersion objective lens, respectively. After filtering, the front and
back focal plane images were simultaneously rebuilt on two CMOS cam-
eras. The image of the PC surface obtained by the focusing air objective
lens was detected by the third CMOS camera, allowing to observe the re-
flected beams. The powers of the transmitted and reflected beams were
measured simultaneously using two identical Si photodiodes.

Coupling Efficiency Measurements: The prisms with two identical
slanted faces were used. In this case, the total radiation reflected from
the prism (P,q) is the sum of two reflected beams with powers P:eﬂ and
Przeﬂ (Figure 5b). P:eﬂ corresponds to the radiation directly reflected from
the upper prism face. Przeﬂ is a part of the incident radiation that did not
transfer into BSW, undergoing one additional total internal reflection on
the second slanted face and leaving the prism in a direction parallel to
the incident beam. The use of spatial filtering made it possible to inde-
pendently measure the power of transmitted radiation (P,,,s) and BSW
leakage radiation (Pje)-

To determine the efficiency by the first method, the dependences
of reflection coefficient R = P,q/P;,. and transmission coefficient T =
Pirans/ Pinc Were measured on the position (xg, yo) of the beam when it
was scanning the prism and a part of the bare PC around the prism. First,
using a bare cover glass as a reference sample with known reflectance and
transmittance, the transmission and reflection coefficients t and r of all
optical elements of the setup in the transmission and reflection channels,
correspondingly, were found. Then the power of the radiation transmit-

ted through (P'S_ ) and reflected from (Pfecﬂ) the bare PC was measured

to determine the PC transmittance TP¢ = PPC /(P,.t) and reflectance

RPC = Pfe%/(Pincr), where P, is the power of the beam incident on the
prism. With a known PC reflection and transmission coefficients, power of
the incident beam can be determined by measuring PLS _ and Pfecﬂ during
the scanning of prisms using the signal from the areas of the bare PC. For
example, in the case of reflection, P, = Pfecﬂ/(RPCr). The measured power
of the radiation reflected from the prism is P..q(xo, Yo) = Pinc!R (X0, Vo) =
PPC R(xo, yo) /RPC, where R(xo, yo) is reflectance of the prism at the mea-

refl
surement point (g, yo)- From this, R(xg, yo) = RPCP,eq (Xo, Yo)/Pfe%

analogy, T(XOr YO) = TPC Ptrans (X0v YO)/PtFignsv where Ptrans (XOr YO) is the mea-
sured power of the radiation transmitted through the prism (leakage ra-
diation is blocked and not measured). Finally, the coupling efficiency was
determined as 17(xg, o) = 1— R(Xo, Yo) — T (Xo, Vo), Which means that all ra-
diation that is not part of the transmitted or reflected radiation is consid-
ered to be coupled to BSW. This method gave an upper estimate of the
coupling efficiency because it does not account for scattering light prop-
agating along the PC surface and not being collected by the focusing ob-
jective lens. Additional information is provided in Section S12, Support-
ing Information.

Inthe second method, only the power Py, of the BSW leakage radiation
was measured when scanning the prism with the incident beam and the

and, by
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BSW leakage transmission coefficient Tj., = Plear/Pinc Was determined.
In all the experiments, the BSW leakage radiation was collected from a cir-
cular region of the bare PC with a radius of 50 um, centered in the direction
of BSW propagation at a distance of 70 pm from the gap edge (Figure S10,
Supporting Information). The leakage radiation energy is proportional to
the light energy in BSW and depends only on the structure of PC, mainly
on the number of PC Iayers.[67] Therefore, at a constant power of the inci-
dent beam, the power of the BSW leakage radiation depends only on the
prism coupling efficiency. Assuming that the BSW attenuation is caused
by two processes—leakage and absorption,—the leakage transmission co-
efficient is Tiea = n1Lcoi(1/Lgsw — 1/Laps), Where L is the length of the
collection area, Lggy—BSW propagation length, and L, = 1/ (kon"')—
absorption length in PC materials with an imaginary part of the refractive
index of n’" (derivation of this equation is given in Section S13, Support-
ing Information). In this case, L., = 100 pm, Lgsy = 1.4 £ 0.1 mm, and
n" 21073 resulting in L,y ~ 12 mm. Thus, coupling efficiency 5 can be
estimated by the value of T,

Lgsw 1
N=TeakT— 57— (10)
“ ol 1= LBSW/Labs

This type of estimation gave a lower bound of efficiency, since the BSW
attenuation related to scattering was not taken into account. Accounting
for the contribution of scattering will increase the last multiplier in the for-
mula.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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