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This work is devoted to edge coupling of optical fibres with waveguides of Si3Ns-based photonic integrated
circuits. At the edge coupling splicing of single-mode optical fibre with high numerical aperture fibre was utilised
to reduce the mode field diameter of optical fibre, and for photonic integrated circuit, a field mode converter based
on inverse linear taper was employ. The inverse linear taper is a trapezoidal prism which is in contact with a wider
part the waveguide and narrowing to 0.3 um to the ends of the crystal of the photonic integrated circuit, the height
of the trapezium lying at the base of this prism is 300 um. Experimentally demonstrated the possibility to reduce

the coupling loss to 0.7 dB per edge.
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Introduction

The size of electronic integrated circuits is gradually
decreasing and reaching its physical limit, while the demand
for high-speed data processing continues to increase. This
limit may only be circumvented by introducing devices
that utilize different data processing mechanisms. One
possible solution is the use of photons both for data
transmission and for data processing. In this context,
photonic integrated circuits (PICs) with their high speed
and low power consumption provide a real opportunity for
further development [1]. Silicon photonics has made great
strides in the past decade and is tentatively close to actual
application in telecommunications, data transmission, med-
ical technology, security, detection, quantum simulation [2],
machine learning [3], and quantum computing [4]. The
main driving force behind silicon photonics is the potential
to construct a compact and highly integrated system with
low cost and high sensitivity. The list of available pho-
tonic elements already includes one-dimensional and two-
dimensional grating couplers, broadband edge connectors,
strip and rectangular waveguides, splitters, ring resonators,
electrooptical modulators, etc. [5].

Modern PICs may operate at wavelengths within a wide
spectral transparency window (specifically, Si3Ny4 covers the
range from visible (~ 400 nm) to infrared (> 2.5um) wave-
lengths [6]). Traditional silicon oxide, SiO,, and silicon, Si,
PICs feature a strong refraction index contrast, which leads
to miniaturization of devices and, consequently, greater
manufacturing complexity [7]. Therefore, waveguides with
a core of Si3N4 and a SiO, cladding, which have a less
profound difference between refraction indices, are used

in the present study. The resulting device dimensions
increase, but manufacturing tolerances also increase. These
materials provide an opportunity to fabricate waveguides
with transmission losses from 0.3 to 1.0 dB/cm within the
spectral range from 400 to 2350 nm [8]. Since PICs are used
most often in fiber lines operating at the telecommunication
wavelength of the IR range (1550nm), further analysis is
performed for this wavelength.

The primary components of transmission losses are fiber—
PIC coupling losses and losses in waveguide matching with
various PIC components, such as connectors, sources, and
detectors. The most significant contribution is produced by
IR radiation coupling losses at the PIC input. A reduction in
these losses should help raise the data throughput to levels
comparable to the throughput of bulk optical technology [9].
The core diameter of the SMF28 single-mode fiber, which
is the basis of modern telecommunications, is several times
greater than the PIC waveguide width. Therefore, the mode
field diameters (MFDs) of the fiber and the waveguide,
which characterize the distribution of the light field within
them, differ significantly. The closer the fiber MFD is to
the waveguide MFD, the better is the mode matching and
the lower is the IR input loss. Therefore, in order to reduce
the input loss, one needs to reduce the fiber MFD either by
lensing the optical fiber tip or by splicing SMF28 with an
ultra-high numerical aperture (UHNA) fiber.

The first method is very intricate, which translates into
large MFD variations from one fiber to the other. The
second method is technologically simpler and, consequently,
more convenient in both scientific research and subsequent
commercial production. In addition to reducing the MFD
inside a fiber, one may also narrow the MFD directly in
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a PIC waveguide by installing special integrated optical
coupling elements (specifically, edge tapers (trapezoidal
prisms)) to achieve the highest matching efficiency. Edge
coupling of IR radiation has an advantage over other
techniques in its high efficiency and broadband matching;
this is the reason why this method was chosen in the present
study.

The study is focused on the issue of reduction of fiber—
PIC coupling losses for IR radiation through the use of
electromagnetic field mode converters, SMF28 fibers spliced
with UHNA3, and waveguide sections tapering towards the
end facets of the PIC chip (inverse linear tapers). The
structure, the process of fabrication, and transmission losses
of a fiber mode converter are detailed in Section 1. We
managed to reduce average SMF28-UHNA3 splicing losses
to a level below 1dB. In Section 2, the edge coupling
method is described in brief and the choice of an inverse
linear taper is substantiated; in Section 3, the PIC structure
and fabrication are characterized; and in Section 4, the
procedure of polishing of PIC end facets with a relative
transmission loss variance of 7.9% is discussed. Section 5 is
focused on the method for measurement of transmission
losses of the PIC with the SMF28 fiber spliced with
UHNAZ3, and the obtained results are analyzed in Section 6.

1. Fiber mode converter

In the present study, first the SMF28 single-mode fiber
with a lensed tip and then SMF28 spliced with a high-
aperture fiber are used as a fiber mode converter. An optical
fiber consists of a core with a higher refraction index and
a reflective cladding with a slightly lower refraction index.
Layers of protective varnish and coating are always added
in production, since fiber is a very fragile material. Owing
to the effect of total internal reflection, a beam entering the
core of a fiber from its end at an angle greater than the
critical one is reflected from the cladding and continues
to propagate along the fiberr When the propagation
of an electromagnetic wave in a fiber is characterized
mathematically, the beam has a Gaussian profile. This
profile corresponds to the fundamental TEM0O mode and
follows intensity distribution formula

2D?
|(I’) = |()exp m ,

where parameter MFD is the beam diameter at which the
light intensity decreases by a factor of € and Iy is the
intensity at the spot center at D =0 [10]. The SMF28
optical fiber has a core 8.2um in diameter made of SiO,
with the addition of germanium and a reflective cladding
125£0.7um in diameter made of SiOy; the effective
refraction index is 1.47. The mode field diameter for
a wavelength of 1.55um is 10.4 £0.5um. Numerical
aperture NA is the ratio of wavelength to the core diameter
of a fiber and assumes a value of 0.14 [11]. Since the
mode field diameter of SMF28 is significantly larger than

Optics and Spectroscopy, 2024, Vol. 132, No. 10

Table 1. Matching efficiency of two lensed fibers

Fiber numbers Losses, dB
1 and 2 6.7+t1.1
3 and 4 15.8+0.2

Table 2. Key fusion splicing parameters for Fujikura FSM-40S

Discharge | Distance, | Overlap, | Splicing
power, W um um time, ms
20 15 10 18000

the cross-sectional area of a single-mode waveguide [12],
the MFD of the fiber should be reduced either by lensing
or by installing fiber mode converters.

A commercial lensed fiber was the first one to be used in
our experiments on edge coupling of radiation from single-
mode fiber into a PIC. This lensed fiber was machined from
SMF28 in such a manner that its tip was a conical lens. The
lensed fiber has a focal point with the smallest mode field
diameter; at this point, the MFD was within the 2.5 — 3 um
range. Transmission losses of the lensed fiber are presented
in Table 1. The process of measuring the transmission
losses of two optical fibers is similar to the process of
measuring the transmission losses of an optical fiber and
a PIC waveguide and is detailed below in Section 5. The
presented data reveal pronounced parameter variations in
fibers that underwent the same processing sequence. The
production of lensed fiber is a highly complex process. This
has a profound effect on the fiber quality and is an obstacle
to research that is not focused on specific methods for
reducing the MFD inside a fiber; therefore, an alternative
method was used.

This is the technique of splicing SMF28 with UHNA,
which is a fiber mode converter. UHNA3 was used. This
fiber has a core 1.8 um in diameter, MFD = 4.1 £0.3um
at a wavelength of 1.55um, and NA=0.35 [13]. Tt was
spliced with SMF28 in a specially tailored process; the
optimum parameters of splicing performed using a Fujikura
FSM-40S [14] fusion splicer, which were set in the present
study, are listed in Table 2. The ends (4.7cm in length)
of SMF28 and UHNA3 fibers were preprocessed with a
Fujikura SS03 stripper to remove the protective coating
and varnish and treated with isopropyl alcohol to remove
residual glue from the sheath and dust particles. The fibers
were then cleaved to a length of 4cm using a High Precision
Cleaver V11 to ensure that their end faces are orthogonal
to the cores. Following this, SMF28 and UHNAZ3 fibers are
introduced into a Fujikura FSM-40S fusion splicer. When
the splicing process is complete, one obtains an SMF28
fiber with a 4-cm-long UHNA3 tip (SMF28_UHNA3
structure). Another SMF28 fiber is then stripped, treated
with isopropyl alcohol, and cleaved. This SMF28 fiber
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Figure 1. Structure of the composite SMF28_UHNA3_SMF28 fiber.
Table 3. Transmission losses of SMF28_UHNA3 and Table 4 presents the results of measurement of the

UHNA3_SMF28

Fiber numbers Losses, dB
1 and 6 0.5+0.1
2 and 7 0.6 +0.1
3 and 8 1.8+0.1
4 and 9 1.2+0.2
5 and 10 09+0.1

Table 4. Average transmission losses in matching of two lensed
fibers and two SMF28 spliced with UHNA3

Fiber type Losses, dB
Lensed fiber 11.2+4.2
UHNA3 1+03

and the SMF28_UHNAZ3 structure are introduced into the
fusion splicer. The end result is a fiber with two AC/APC
connectors at the ends (for connection to a laser and a
power meter) and a middle section that is stripped of the
protective sheath and glue and consists of SMF28, UHNA3,
and SMF28 fibers. This part, the SMF28_UHNA3_SMF28
structure, is shown in Fig. 1. This composite fiber was then
cleaved in the middle of UHNA3 to obtain two pieces of
SMF28 spliced with UHNA3, which are hereinafter referred
to as SMF28_UHNAZ3 (fiber at the IR radiation input into
the PIC waveguide taper) and UHNA3_SMF28 (fiber at the
IR radiation output from the PIC waveguide taper). The
results of transmission loss measurements for spliced fibers
SMF28_UHNA3 and SMF28_UHNA3 matched end-to-end
are presented in Table 3.

average transmission losses for different optical fibers.
Comparing the transmission losses of two lensed fibers and
two fiber mode converters, one sees clearly that significantly
lower levels of loss and test data variance are achieved when
SMF28_UHNA3 and UHNA3_SMF28 are matched. As was
already noted, lensed fibers are characterized by high man-
ufacturing tolerances, which translate into large differences
in MFD between the two studied fibers and contribute to an
increase in transmission losses. Therefore, SMF28 spliced
with UHNA3 was used in further experiments.

2. Inverse linear taper

The matching losses between an optical fiber and the
PIC waveguide may be minimized not only by reducing
the MFD inside the fiber, but also by fitting the PIC with
special integrated optical elements. These elements may
be divided into two groups according to the connection
method: matching with a grating coupling element and with
edge tapers. Grating coupling elements have a number of
advantages, such as small dimensions, possibility of testing
at the wafer level, and high positioning accuracy; however,
they also have significant disadvantages, which include
low matching efficiency (usually below 3dB) and narrow
bandwidth. In contrast, edge tapers are characterized
by high matching efficiency and wide bandwidth and are
polarization-independent, but are also fairly large, provide
low positioning accuracy, and impose strict requirements as
to the quality of preparation of PIC end facets [1]. Since
edge tapers allow one to achieve higher matching efficiency
than grating coupling elements, we opted for edge coupling.
When a fiber is matched to a waveguide via edge coupling,
their ends are connected so that their cores become coaxial,
allowing the fiber mode (core diameter, 8.2um) to be
transformed smoothly into the waveguide mode (waveguide
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Figure 2. The fiber core and the waveguide are not drawn to scale (the fiber is significantly larger than the waveguide). (a) Edge
coupling diagram; (b) following alignment, the tip of the inverse linear taper is coaxial with the tip of the UHNA3 fiber.

width, 1.3um). The edge coupling diagram is shown in
Fig. 2.

Edge tapers (trapezoidal prisms) are crucial to fiber—
waveguide matching in edge coupling. Many types of such
tapers differing in shape and fabrication technology are
known. An inverse taper is, as opposed to a direct one,
a waveguide that tapers (instead of expanding) towards the
PIC end facets. The tip of an inverse taper has a small
area compared to the propagation mode of the optical fiber
(300 x 330nm), and only a part of radiation from this
fiber is picked up by the taper. However, as the taper
expands, the mode narrows and becomes close in size to
the waveguide one, and the closer in size the waveguide
and taper-narrowed modes are, the lower are the matching
losses (Fig. 2,b) [15].

Inverse tapers are characterized by such parameters as
matching efficiency, physical dimensions, and accuracy of
fiber positioning [16]. The physical dimensions, which
factor into the resulting device size, determine the degree of
integration, the technological complexity of fabrication, and
the possibility of fitting a PIC together with a fiber into a
single package for the convenience of data input, processing,
and output. Compact dimensions help increase the degree
of integration and reduce manufacturing costs. Single-taper
edge tapers, which are the easiest to manufacture, are
distinguished by high positioning accuracy. It is important
to note that radiation propagates in a taper by virtue of
distribution of transverse waves of electric and magnetic
fields along the width and the thickness of a waveguide,
respectively; in order to reduce the dependence on polar-
ization, optical waveguides should be fabricated with square
cross sections [17,18]. It is also worth noting that, since
single-mode waveguides are considered here, such feature as
adiabaticity (propagation of the fundamental mode along the
waveguide without transformation into higher-order modes
and excitation of other modes) is required of them [19].
A taper may be made adiabatic by increasing its length of
the taper to 300 um. A large number of different types of
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inverse edge tapers are currently known. The main ones are
discussed below.

The first one is a prism with its width increasing from the
end to the waveguide. The width may increase gradually
in steps with a linear dependence on the waveguide
length [20], parabolically, or exponentially [21].  The
main advantage of such tapers is the relative simplicity of
fabrication of a mask for electron-beam lithography and
subsequent manufacture; however, the produced structures
are fairly large in size and provide moderate matching
efficiencies (no worse than —2 dB).

The next type (multi-tip taper) is a combination of several
tapers of the first type [22]. Radiation is introduced into
a waveguide through the tips of several tapers arranged
in a row, and wide parts of these tapers then merge into
a single common taper. A multi-tip taper has a higher
matching efficiency (approximately —1.5dB) and lower
required positioning accuracy, but is harder to manufacture.

Edge tapers of the third type feature a diffraction grating;
these are linear inverse tapers with a variable refraction
index in the direction of radiation propagation [23]. Com-
pared to previous types, such tapers offer strict adiabaticity,
are more compact (no larger than 40um), and have a
bandwidth of about 100 nm at the wavelength of 1550 nm.
They are also notable for their high matching efficiencies,
—0.75dB. These tapers are produced via electron-beam
lithography, but the manufacturing process is significantly
longer than the one typical of the models discussed earlier
and requires a larger number of processing tools.

Other taper types, such as edge tapers with several
auxiliary waveguides on top [24], multilayer edge tapers
(cascade tapers) with the refraction index decreasing grad-
ually from the upper taper to the lower one [25], edge
tapers with an overlayer with a lower refraction index [26],
edge tapers with their thickness and width varying in the
direction of radiation propagation [27], and edge tapers
with a cantilever [28], are also available. The matching
efficiency of all these structures is no worse than 1dB,
but the processes of their production necessarily feature too
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Figure 3.
(b) propagation of the mode in an inverse linear taper.

many steps to be practical at the current technological level,
hindering further commercialization [1].

The present study is aimed at testing the capabilities of
current electron-beam lithography technology by calculating
the average transmission losses per 1mm; therefore, the
inverse linear taper, which is the easiest to manufacture,
was chosen.

3. PIC structure and fabrication
technology

The first step toward fabricating waveguides with inverse
linear tapers is modeling in the Ansys Lumerical environ-
ment (Fig. 3). This modeling involves the determination
of geometric dimensions of the structure (waveguide,
substrate, and cap layer) and the corresponding materials.
It is crucial to set a correct cross-sectional area, since a
waveguide too narrow or too wide may inhibit the propaga-
tion of the fundamental mode or admit higher-order modes.
The modeling domain then needs to be specified: divided
into segments and furnished with boundary conditions (only
the transverse electric mode is considered). The direction
of propagation of the radiation source, which has the
form of a Gaussian beam with MFD = 3.2 — 4.8 um and
a wavelength of 1.55um, is determined at the next step.

I
150
X, 10°m

f [ [
200 250 300

(a) Profile of the electric field amplitude of the waveguide at the input and output of IR radiation in the taper [15];

The frequency-domain field and power monitor (along the
radiation propagation axis) and the mode expansion monitor
are then used to model the propagation of radiation in the
taper and the waveguide and model the MFD profile at the
taper output. After this, the geometric parameters of the
inverse linear taper and the waveguide are varied iteratively
to calculate the maximum possible theoretical matching
efficiency. This efficiency was found to be —0.97 dB; the
geometric parameters of the inverse linear taper and the
waveguide are shown in Fig. 4.

Next, we used the Python3 GDShelpers library to
create template files for lithography. A mask for electron
lithography for samples Nos. 1 and 2 with arrays of
nine waveguides with the same geometric parameters and
lengths of 5 and 7mm, respectively, was prepared in this
environment. Test structures were made from a three-layer
Si 500 um / SiO; 2.6 um / SizNy4 0.33 um substrate. A buffer
layer with a width of 4 um was formed in the positive resist
around the waveguide via electron-beam lithography. The
exposed resist was then developed and washed away. Si3Ny
was removed in open windows using plasma chemistry
methods to form a waveguide of the required geometry. The
resulting structure was coated with a layer of silicon oxide
via electron-beam evaporation; this coating serves both as a
protective layer and as a reflective shell for the waveguide on

Optics and Spectroscopy, 2024, Vol. 132, No. 10
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Figure 4. (a) Dimensions of the inverse linear taper; (
fibers (nine identical parallel waveguides in each structure)

top. In the present study, each waveguide has the structure
shown in Fig. 4, c. The photonic integrated circuit prepared
for validating the polishing process and calculating the
resulting efficiency of matching UHNA3, which is spliced
with SMF28, to the PIC featured nine waveguides with
inverse linear tapers with identical geometric parameters.

4. Polishing of PIC end facets

Several PIC samples are manufactured together on a
silicon wafer, which has a polymer resist material applied
to it for protection from damage, and are separated from
each other with the use of a diamond scriber of a setup
for cutting of various electronic materials. The cut is made
at a distance of approximately 100 um from the taper ends
to avoid damaging the PIC waveguides. The end facets of
separated samples have high roughness, which is critical for
fiber-waveguide matching through edge tapers. Therefore,
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b) PIC end facet; and (c

¢) part of the structure with one PIC waveguide and optical

Resist

Figure 5. Polished end facet of the PIC sample with waveguides.

one needs to polish the end surfaces of the PIC. This
polishing was performed by a KrellTech NOVA automatic
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Figure 6. The taper tip is seen clearly on the polished PIC end
facet.

optical polishing system. A PIC sample was positioned
on a holder and lowered until its end facet touched the
film of the polishing disk. Films with SiC (silicon carbide)
abrasive particles 3um and 0.3 um in diameter were used
in succession. Each film was used for no more than
seven minutes (to prevent damage to the PIC end facets
from particles formed during polishing), and the samples
themselves needed to be rinsed thoroughly in acetone,
deionized water, and isopropyl alcohol when films were
changed. Polishing with films with 3um SiC particles
proceeded until the distance to the ends of tapers shortened
to 7— 10um; the remaining distance to the tapers was
traversed with 0.3 um SiC films. After polishing, the ends
of tapers were at the end facets of the PIC (Fig. 5). The
second end facet was then polished in a similar manner.
Following this, the sample was rinsed in acetone, deionized
water, and alcohol preheated to 50°C (for 15 minutes in
each liquid) to dissolve the resist and remove any particles
remaining after polishing. We managed to achieve a high
polishing quality, and the tips of tapers are seen clearly in
the optical microscopic image (Fig. 6).

5. Measurement of transmission losses
of structure
SMF28 UHNA3 _PIC_UHNA3 _SMF28

The diagram of the measurement setup is shown in Fig. 7
(upper panel). A PLS-1500/9 picosecond optical pulse gen-
erator serves as the source of IR radiation with a wavelength
of 1550 nm. Infrared radiation enters the fiber that has an
APC-polish connector and the prepared SMF28_UHNA3
structure on its opposite ends. Passing through the fiber
mode converter, IR radiation exits through the UHNA3
fiber and enters the tip of the PIC taper. The narrowed
radiation mode then propagates along the waveguide and
enters the second taper. The second taper does, in contrast,
expand this mode, since the taper narrows in the direction of

propagation of IR radiation. The expanded mode from the
taper then enters the UHNA3_SMF28 core and is expanded
again by the fiber mode converter. The power of radiation
from the UHNA3_SMF28 fiber is measured by a Keysight
N7744C power meter; this is the output power (Poy) of the
SMF28_UHNA3_PIC_UHNA3_SMF28 structure (two fiber
mode converters are coupled on both sides via tapers to
the PIC waveguide). The input power (Pjn) is measured by
replacing the SMF28_UHNA3_PIC_UHNA3_SMF28 struc-
ture with a 0.5-m-long single-mode fiber-optic patch cord
with APC polishing on both sides (Fig. 7, bottom panel).
Knowing Pj, and Pgy, one may calculate the transmission
losses of structure SMF28_UHNA3_PIC_UHNA3_SMF28.

As was already noted, the MFD of the UHNAS3 fiber and
the taper tip width are fairly small (approximately 4 um and
300 nm, respectively). Therefore, the process of aligning
the ends of fibers with the taper ends takes quite a long
time. The positioning of the UHNA3 tips relative to the
taper tips is adjusted using the 9063-XYZ-PPP-M motorized
gothic-arch bearing piezo stages, which are controlled via a
personal computer. Goniometer stages needed to nullify the
angle between the fiber core axis and the PIC waveguide
axis are mounted on these stages. Fibers are secured in
Thorlabs HFF003 v-groove fiber holders, which are glued
to the goniometer stages. The photonic integrated circuit
is fixed on a holder fitted with a micrometer screw, which
provides additional control over the angle between the fiber
core axis and the PIC waveguide axis. The measurement
setup is also fitted with a Moticam 4000 camera needed to
verify the coaxial alignment of fiber tips and the waveguides
with PIC tapers.

At this adjustment step, the screws of the piezo stages
are turned manually. In the course of alignment, one
needs to shift the fiber relative to the waveguide in
very small increments of 30-600nm, fitting precisely into
the central diffraction maximum observed when 1.55um
radiation passes through the 1.8um core in UHNA3.
The SMF28_UHNA3 and UHNA3_SMF28 fibers are first
secured in v-grooves and are aligned coaxially with the
use of goniometers and piezo stages. The fibers are then
brought apart, and the holder with the PIC is positioned
between them. In order to reduce radiation input losses, the
waveguides should be coaxial with the fiber cores. Thus,
the PIC sample, which is monitored via the Moticam 4000
camera, is rotated on the holder fitted with a micrometer
screw until the fiber cores and the waveguide become
coaxial. The next part of the experiment is carried out on
the 9063-XYZ-PPP-M piezo stages controlled by a program
run on a personal computer. A pitch of 600nm is set first,
and the SMF28_UHNAZ3 optical fiber is shifted relative to
the waveguide in the Z-, Y-, and X-directions to the position
with maximum power. The second UHNA3_SMF28 fiber
is then positioned so that the power increases and reaches
its new maximum. Following this, the pitch is reduced to
300 nm, and the experiment is repeated with optical fibers
SMF28_UHNA3 and UHNA3_SMF28. This step is repeated
with a pitch of 150, 60, and 30nm. When the adjustment

Optics and Spectroscopy, 2024, Vol. 132, No. 10
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Figure 7. Measurement setup.

Table 5. Transmission losses of the
SMF28_UHNA3_PIC_UHNA3_SMF28 structure with a waveguide
length of 5mm

Table 6. Transmission losses of the
SMF28_UHNA3_PIC_UHNA3_SMF28 structure with a waveguide
length of 7mm

Sample Nel Waveguide length, 5 mm Sample Ne2 Waveguide length, 7 mm
Newaveguide Losses, dB Newaveguide Losses, dB

2 14.1£0.3 1 17.5£0.1

3 15.5+0.4 2 15.0£0.1

4 15.8£0.9 3 16.9+0.7

6 11.0£0.2 4 16.6 £ 0.5

7 12.5+£0.2 6 16.2£0.2

9 123+£2.4 7 17.8 £0.3

process is complete, optical fibers SMF28_UHNA3 and
UHNA3_SMF28 become coaxial with the waveguide, and
the ends of tapers and fibers are aligned. This is the position
in which the output power is always at its maximum. The
maximum Pout value is measured by Keysight N7744C.

6. Results

This section is focused on the calculation of transmis-
sion losses of the SMF28_UHNA3_PIC_.UHNA3_SMF28
structure with 5- and 7-mm-long waveguides, average
transmission losses per 1 mm, and the efficiency of matching
the PIC to two SMF28 optical fibers spliced with UHNA3.

65 Optics and Spectroscopy, 2024, Vol. 132, No. 10

The transmission losses are calculated as

P.
dB = 1010g< '“), (1)
Pout
The transmission losses of the

SMF28_UHNA3_PIC_UHNA3_SMF28  structures  with
waveguides 5 and 7mm in length are presented in Tables 5
and 6, respectively. These losses were measured five times
for each waveguide. The technique of polishing the PIC end
facets has been tested for the first time and optimized in the
present study (Section 4). Since sample No. 1 was the first
to be polished, its surface roughness is higher than that of
sample No. 2, and the variance of transmission loss values
corresponding to different waveguides is more significant.
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Table 7. Transmission losses per 1 mm of waveguide length

Average losses for Average losses for Average
waveguides with waveguides with transmission
a length of 7mm, dB | a length of 5mm, dB | losses, dB/mm

16.4+1.3 12.1+1.0 21

The relative variance of transmission losses for samples
Nos. 2 and 1 was 7.9% and 8.7%, respectively. It should
also be noted that the fiber and the PIC cap layer are made
of SiO,, which is a very fragile material. Therefore, the
transmission losses increase in the course of experiments
due to the emergence of chipping defects on the ends of
fibers and the PIC layer. Comparing Tables 5 and 6, one
finds large transmission losses per 1mm for waveguides
with a length of 5 and 7mm; Table 7 presents the average
transmission losses per 1 mm of SizN4 waveguide length.

The technology of fusion splicing of SMF28 and UHNA3
fibers with relatively low losses was optimized in the course
of experiments; the average loss value was 1dB per splice.
With losses per unit length of the SisN4 waveguide taken
into account, the achieved efficiency of matching one fiber to
one PIC end facet is approximately —0.7 dB. The formula
for its calculation is presented below, where L, are the
average losses per waveguide, Lsp are the average fiber
splicing losses, and Ly, are the average losses per 1 mm
of waveguide length:

(Lw — Lsp — Lim)/2. (2)

Conclusion

The study was focused on the measurement of efficiency
of matching a waveguide with an inverse linear taper to
the SMF28 optical fiber spliced with UHNA3. The key
challenge in calculating matching efficiency is to identify
the underlying mechanisms affecting losses and suppress
them, thus increasing the data throughput required for
further implementation in quantum technology. Two PIC
structures with waveguide lengths of 5 and 7mm were
fabricated for this purpose. Each PIC consisted of nine
SizN4 waveguides. All of them were fitted with two inverse
linear tapers for matching to optical fibers through which
IR radiation is introduced into the waveguide and output
from it. These fibers were prepared by splicing the SMF28
fiber with UHNAZ3. This structure had low average splicing
losses (below 1dB). The used splicing method is relatively
new and was refined in the course of experiments. The
average transmission losses for two waveguide lengths were
measured and calculated. The obtained values revealed
large transmission losses of the waveguide, which reached
2.1 dB/mm. The resulting matching efficiency was calculated
to be as high as —0.7 dB.
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