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Design of Hybrid Waveguide Structures for
High-Efficiency Integrated Optical Superconducting
Single Photon Detectors On Ti:LiNbO3; Waveguides

Mikhail Parfenov ', Petr Agruzov

Abstract—A configuration of integrated optical superconducting
single photon detectors on lithium niobate substrates based on
conventional titanium in-diffused waveguides with hybrid wave-
guide structures for enhancing the detector efficiency is proposed
and analyzed. The sensing element in the form of a meander-like
superconducting nanowire from niobium nitride is covered with
an additional hybrid waveguide from a dielectric material with
a higher refractive index than the LiNbO3 substrate to increase
the light absorption. A special mode converter in the region free
from a superconducting nanostructure is used to excite a localized
mode with the maximum absorption coefficient that strongly inter-
acts with the superconductive nanostructure. Silicon and titanium
dioxide are considered and compared as suitable materials for the
hybrid waveguide structures. Silicon based structures give a higher
light concentration and, hence, a higher absorption coefficient.
However, they are very demanding to the technological accuracy.
Titanium dioxide structures potentially can be produced by the
standard thin-film deposition technique and contact photolithog-
raphy. The estimated absorption coefficient of 1.31 dB/pm is four
orders of magnitude higher than that for the detectors with a
standard titanium in-diffused waveguide, and a high transforma-
tion mode efficiency opens a way for fabrication of integrated
optical superconducting single photon detectors with the efficiency
comparable with other competing material platforms.

Index  Terms—Integrated optics, optical waveguides,
optoelectronic and photonic sensors, photonics, superconducting
photodetectors.

1. INTRODUCTION

ITHIUM niobate (LiNbOj3, LN) integrated optics has
L emerged over the last two decades as one of the key techno-
logical platforms for enabling monolithic integration of quantum
photonic components and circuits on a chip [1]. Due to mature
technological processes for waveguide fabrication [2] and also
inherent optical effects for light control [3]-[10] and compatibil-
ity with the existing telecommunication infrastructures, LiNbO3
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integrated optical devices are nowadays at the heart of many
quantum components (photon-pair or triplet sources, coherent
wavelength convertors, quantum memories, optical modulators
and linear optical quantum computing schemes) [1].

The development of scalable quantum computing architec-
tures requires an on-chip integration of a variety of circuit
elements, including single-photon detectors for analysis of pho-
tonic quantum states. In addition to the quantum application,
highly efficient low-noise single-photon detectors are vital for
the realization of numerous classical applications, such as optical
time domain reflectometry and optical coherence tomography.

A superconducting single-photon detector (SSPD) [11] is a
relatively simple architecture for the realization in an integrated
optical configuration and has been demonstrated on several
technological platforms [12]. It is based on the principle of pho-
toinduced hot-spot formation in superconducting nanowires and
can offer a high sensitivity at telecommunication wavelengths
near 1550 nm, high counting rates, a broad spectral response,
and a high temporal resolution due to a low jitter.

The SSPD on lithium niobate substrates was also consid-
ered [13]-[18]. A high quality and excellent superconduct-
ing properties of niobium nitride (NbN) nanofilms formed on
LiNbOg substrates and, in particular, on titanium in-diffused
waveguides (Ti:LiNbOj3) [19] were demonstrated. However, a
low efficiency (lower than 1%) of integrated optical detectors
based on Ti:LiNbO3; waveguides was observed experimentally
in spite of saturation of counts which indicated that the internal
detection efficiency related to superconducting properties was
maximized [20]. Thus, the main obstacle is an insignificant
light absorption due to a rather large effective mode area of
conventional Ti:LiNbO3 waveguides and its small overlap (weak
light interaction) with sensitive ultrathin NbN superconducting
nanostructures. The technology of thin-film lithium-niobate-on-
insulator (TFLNOI) waveguides has allowed an increase in the
waveguide refractive index difference, squeeze effective mode
area and an increase in the LiNbO3 SSPD efficiency to the level
comparable to rival integrated optical technologies [17].

In spite of many advantages of TFLNOI waveguides there
are some technical problems. One of them is a complicated and
very delicate pigtailing technique based on grating coupling or
tapered lensed fibers [21] which is characterized by a rather
high coupling loss and requires a precise alignment which
should be stable at cryogenic temperatures. Another problem
is the pyroelectric damage during cooling down to cryogenic
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temperatures [18] which is more considerable in the thin film
configuration of TFLNOI waveguides. TFLNOI substrates also
badly sustain high temperatures (> 500 °C). This restricts the
maximum temperature of technological processes which can be
used for SSPD fabrication. In particular, a simple technology of
reactive magnetron sputtering at a high temperature (800 °C) we
used earlier for deposition of NbN film with the structure close
to the epitaxial one [19] could not be used.

Besides the resistance to high temperatures the conventional
Ti:LiNbO3 waveguides have other advantages. Their fundamen-
tal mode can be matched to the standard single mode optical fiber
[22]. Thus, the robust and simple endfire pigtailing [23] can be
used. The SSPD nanostructure is patterned on a flat surface,
which reduces a possible number of technological imperfec-
tions.

To make a step towards the development of SSPD on
Ti:LiNbO3 waveguides (LN-SSPD), we propose the approach
involving an enhancement of a light interaction with sensitive su-
perconducting nanostructures based on waveguide mode trans-
formation in hybrid waveguide structures which cover NbN.
The idea to use a cover layer for the LN-SSPD efficiency
increase was considered earlier [24], however, a rigorous anal-
ysis and quantitative estimates were not given. The efficiency
of optical photon interaction with a superconducting nanos-
tructure can be described in terms of classical wave optics as
absorption of optical waves propagating through a waveguide.
The goals of this paper are to analyze theoretically a new
integrated optical LN-SSPD, to estimate the efficiency of light
absorption as a key quantitative characteristic of the SPPD
efficiency and to choose the optimal design of LN-SSPD for
a further experimental realization. The optimization criteria are
a balance between a high absorption coefficient and high effi-
ciency of an adiabatic waveguide mode transformation, and also
the technical feasibility and a low sensitivity to technological
imperfections.

II. EXPERIMENTAL DEMONSTRATION OF SSPD ON TITANIUM
IN-DIFFUSED LITHIUM NIOBATE WAVEGUIDES

The simplest integrated optical SSPDs configuration is a
straight waveguide covered with a superconducting nanostruc-
ture [12]. We fabricated the samples, which consisted of straight
titanium in-diffused waveguides covered with a superconducting
nanowire meander made of NbN. The titanium stripes with a
thickness of 100 nm and width of 6 ym were used for the wave-
guide fabrication. The single-mode waveguides (in telecommu-
nication wavelength range 1520-1580 nm) were formed after
thermal diffusion at 1050 °C during 14 h. The waveguides had a
high optical quality and their mode spot rather well matched the
mode spot of the standard single mode optical fiber (SMF28).
The measured fiber-to-fiber loss for endfire pigtailing of 50 mm
samples was about 2.2 dB. Taking into account the intrinsic loss
(about 0.02 dB/mm) which was measured by the low-finesse
Fabry-Perot technique [25] the loss on the fiber-to-waveguide
coupling was estimated to be 0.5 dB. This estimate was in
agreement with the value calculated from the overlap integral
of the waveguide and the optical fiber mode spots.
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Fig. 1. Experimental demonstration of LN-SSPD: (a) SEM image of meander-

like NbN nanostructure formed on a Ti:LiNbO3 waveguide, (b) results of critical
current measurements at 4.2 K, (c¢) measured photon counts versus bias current
(squares) and dark counts (circles) (I — critical current), and (d) oscillogram
of a single photon response.

NbN layers with a thickness of 5 nm were deposited on the
waveguides by reactive magnetron sputtering of a Nb target in
the Ar-N, atmosphere (Pp, = 4.5-10~% mBar, Pyy = 8-107%
mBar) at a high temperature (800 °C). A DC plasma discharge
with current I = 100 mA and voltage U = 500 V was used. The
deposition rate was 0.1 nm/s. The root mean square (RMS) of
NDbBN film surfaces measured by atomic force microscopy did not
exceed 2A. The NbN film deposition technology was described
in detail in [19]. Moreover, it was shown that the supercon-
ducting properties of the films were not affected by the surface
roughness [19]. Then the meander structures consisting of NbN
nanowires with a width of 100 nm and period of 200 nm were
produced on the area of 10 um x 10 pum using electron-beam
lithography (Fig. 1(a)). We used the nonoptimized structure
typical of SSPD in our preliminary experiments. The measured
critical current was about 10.7 uA at4.2 K (Fig 1(b)). We used a
rather high temperature of liquid helium at normal atmospheric
pressure (4.2 K) which had a high stability and did not require
a complicated technique for maintenance. It is very convenient
for applications in spite of a possible decrease in the internal
detection efficiency [26]. Experimental demonstration of single
photon countings (Fig. 1(c)-(d)) showed a very low efficiency
(much lower than 1%). The detection efficiency was measured
with the help of a DFB laser diode at wavelength 1550 nm, a high
extinction tunable optical attenuator, and a low noise electronic
amplifier which was placed near the SSPD and immersed into
liquid helium. The dependence of photon counts on the bias
current is presented in Fig. 1(c). The absence of saturation in the
dependence is the indication that the internal detection efficiency
had not reached the maximum. We suppose that in addition to
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high temperature this was caused by the nonoptimized supercon-
ducting nanostructure configuration and could be corrected by
directing nanowires along the optical waveguide and adjusting
their width, height and the period of meander structure [20],
[27]-[29].

The maximum internal detection efficiency should be accom-
panied by a high light absorption coefficient. We tried to measure
the additional loss caused by the NbN nanostructures on the top
of the Ti:LiNbO3 waveguides at room temperature. It was very
low and imperceptible against the background of variations in
the fiber to waveguide loss (about ~ 0.1 dB) due to misalignment
and end-face polishing defects. The waveguide structure had to
be modified to increase the light absorption.

III. DESIGN OF HYBRID LN-SSPD

To increase light absorption by the superconducting nanos-
tructure, a new design of the LN-SSPD based on a hybrid
waveguides has been proposed. It consists of three sections
(Fig. 2). The first input section I is a part of the substrate with a
straight single-mode channel gradient Ti:LiNbO3 waveguide. It
performs the function of a light input from a standard single
mode optical fiber. The light distribution at the end of Sec-
tion I corresponds to the fundamental waveguide mode localized
in LiNbO3 and had a characteristic transverse size of about
10 pm [22].

Section IITis the SSPD. The sensing element is a meander-like
superconducting nanowire from NbN which is formed at the
Ti:LiNbO3 waveguide top. It is covered with an additional
hybrid waveguide in the form of a stripe (Wq x Hy) of a di-
electric material with a higher refractive index than the LiNbO5
substrate. Silicon (Si) and titanium dioxide (TiO5) are possible
materials for the hybrid waveguide. These materials are trans-
parent in the telecommunication wavelength range (1520-1580
nm) and are used as substrates for SSPD [12].

They do not make the NbN superconducting properties
poorer. The technologies for fabrication of hybrid waveguides
on LiNbOg substrates using these materials were experimentally
demonstrated [30]-[32].

Section Il is a hybrid waveguide mode transformer in the form
of a taper with a smooth width increase at a constant height of the
high-refractive-index cover stripe. An adiabatic transformation
of the fundamental mode of the titanium in-diffused waveguide
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to the hybrid mode of Section III which is localized in the high-
refractive-index stripe should occur in the taper.

IV. NUMERICAL SIMULATION

The LN-SSPD on a LiNbOg substrate of the x-cut orientation
with an optical waveguide directed along the y crystallographic
axis was analyzed. This is the most common orientation for
electrooptic modulators and other waveguide components on
LiNbOg substrates [5] which efficiently operate with the quasi
traverse hybrid waveguide modes polarized along the z axis
(TE). As will be shown in the next section, the mode transformer
without a polarization conversion can be designed to avoid a
SSPD efficiency decrease due to polarization conversion.

The hybrid waveguide modes of the sensitive Section (III)
were analyzed by two-dimensional finite-element method sim-
ulation (COMSOL) at telecommunication wavelength A = 1550
nm. To reduce computational complexity, a simplified model of
atitanium in-diffused waveguide was used. A gradient refractive
index profile in the birefringent crystal substrate was represented
as two step-index profiles: one for the extraordinary (TE) po-
larization and one for ordinary (TM) polarization. The widths,
heights and refractive index contrasts of these step-index waveg-
uides were determined by fitting theoretical modal field distribu-
tions to experimentally measured light intensity distribution in a
typical single mode (at 1550 nm) titanium in-diffused waveguide
[2], [22]. The single-mode titanium in-diffused waveguide had
the parameters optimal for coupling with standard single-mode
telecommunication fibers: the extraordinary refractive index of
the LiNbO3 substrate was ng® = 2.140, the effective waveguide
refractive index was ny® = 2.145 and the effective gradient
waveguide height and width were H™®} inpo3 = 4.5 um and
WTEL iNnbos = 8.0 um, respectively, for the TE polarization. Note
that the titanium in-diffused waveguide has other parameters (ns°
= 2210, nw" = 2212, HTMLiNbog =175 pm and WTMLiNbo3
= 10.5 pm) for the TM polarization because of the difference in
the dependences of refractive index on titanium concentration
for quasi TE and TM modes [22]. The sensitive superconducting
nanostructure was in the form of a meander with the nanowires
having width d and period D which were varied. The structure
thickness was fixed H; = 5 nm and corresponded to the film
thickness in our preliminary experiments. The simulation was
carried out for the NbN refractive index corresponding to its
resistive state (nnpn = 5.23-5.28i, [33]) since if the SSPD
was operated at the bias currents near to the critical one the
minimal interaction with light knocked the nanowire out of the
superconducting state.

V. MAXIMIZATION OF OPTICAL ABSORPTION

The transverse dimensions (W4 and Hg) of the high-
refractive-index stripe (nijo2 = 2.31 [34] or ng; = 3.48 [35])
were varied to find conditions for the maximum absorption co-
efficient. At first, we sought this condition for typical parameters
of the superconducting nanostructure: nanowire width d = 100
nm and meander period D = 200 nm. Then the dimensions of
the high-refractive-index stripe were fixed under the conditions
of maximum absorption coefficient, and the superconducting
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Fig. 3. Effective refractive indices and absorption coefficients of hybrid quasi

TE modes versus high-refractive-index stripe heights Hq at fixed width Wgq,
superconducting nanowire width d = 100 nm and meander period D = 200 nm:
(a) TiO2 stripe (Wd = 3 pm), (b) Si stripe (Wq = 1 pum). The insets show
the electric field profiles for the TE;;n1oc mode and TEj,. modes for the high
refractive index stripes from TiO2 and Si. (¢) Cutoff conditions for TEj,. mode
localized in the high-refractive-index stripe.

nanowire width d and meander period D were alternatively
varied in order to reveal their influence on the absorption co-
efficient. The high-refractive-index stripe modified a spatial
intensity distribution for the hybrid waveguide structure modes
(see Fig. 3). A specific feature of the configuration was a rather
weak interaction between the light in lithium niobate and in
the high-refractive-index stripe. It is caused by the presence of
the NbN superconducting nanostructure which separated these
parts of the hybrid waveguide structure like a metal mirror.
The conditions for a high absorption were the cutoff conditions
of the hybrid quasi TE;,. mode which was localized in the
high-refractive-index stripe, had a small effective mode area and
was highly absorbed by the superconductor. The other mode
(TEynioc) Was unlocalized and propagated mostly in lithium
niobate. It had a weak interaction with the superconducting
nanostructure. This is illustrated by the theoretical dependences
of the effective refractive indexes and absorption coefficients of
these two hybrid TE modes on the height (Hq) of the high-
refractive-index stripe at a fixed stripe width W3 which are
shown in Fig. 3. The cutoff conditions for the TE;,. mode could
be fulfilled at different ratios between Hyq and W4 (Fig. 3(c)).
Note that the maximum absorption coefficient for this mode
weakly depended on particular sizes of the high-refractive-index
stripe. WqT02 = 3 ;im for TiO, stripe and WS = 1 um we
chose were rather low to give an appreciable light intensity
concentration at the stripe height Hy"°? = 500 nm and Hy' =
110 nm for TiO4 and Si, respectively. The smaller mode effective
area was for the Si stripe and, as a consequence, the absorption
coefficient was also higher for the hybrid waveguide structure
with the Si stripe than that with the TiOg stripe (ag; = 3.65
dB/pm and ario2 = 1.31 dB/um, respectively). However, TiOq
is preferable from the technological point of view since larger
sizes of the TiOy stripe are less demanding to the accuracy
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of fabrication. In addition, they are compatible with standard
techniques of thin-film production and contact photolithography.
The theoretical estimate of the achievable absorption coeffi-
cient is two times higher than that estimated for the thin-film
lithium-niobate-on-insulator waveguide configuration [17] and
four orders of magnitude higher than for the superconducting
nanostructure on a standard Ti:LiNbO3 waveguide. The theoret-
ical estimate of the absorption coefficient shows that the length
of sensitive Section III will be only 15.3 pm for achieving a
99% absorption for the TE;,. mode. Note that a shorter detector
length is preferable because it provides a lower inductivity of
the superconducting nanostructure and shorter SSPD response
time. It should be also noted that the absorption rate was directly
derived from the absorption coefficient, without consideration
of other factors, such as efficiency of TE;,. mode excitation and
reflection on the boundary between Section II and Section III.
Their influence on detection efficiency will be considered fur-
ther.

We have also analyzed the case when a superconducting
nanostructure was placed over the high-refractive-index stripe.
The conditions for maximum absorption were similar to the case
when the superconducting structure was between a LiNbO3 sub-
strate and a high-refractive-index stripe, however, the maximum
absorption coefficient was lower. The difference was very small
for the Si stripe (ag; = 1.98 dB/um) but for the TiO5 stripe
the absorption dropped dramatically (aTio2 = 0.15 dB/um).
As mentioned above, the absorption coefficient depends on the
overlap between the superconducting structure and field of an
optical mode. Due to different refractive index contrasts on the
top and at the bottom of the dielectric stripe, the field of the
TE,,. mode was shifted more to lithium niobate than to air.
As a consequence, the absorption coefficient was lower when
the superconducting nanostructure was placed over the stripe.
This difference became significant as the refractive index of
the dielectric stripe approached the refractive index of LiNbOs.
Thus, it was high for the TiO4 stripe and imperceptible for the
Si stripe.

Note that the conditions of the maximum light absorp-
tion were determined by transverse dimensions of the high-
refractive-index stripe but did not depend on the supercon-
ducting nanostructure topology. The dependences of the max-
imum absorption coefficient on the nanowire width d and
meander period D are shown in Fig. 4. The variation in
the period and width of nanowires had a little effect on the
absorption coefficient which slowly decreased as the filling
of the superconducting layer became sparse. The subwave-
length sizes of the superconducting nanostructure explain such
behavior.

VI. ANALYSIS OF MODE TRANSFORMER

The light in the high-refractive-index dielectric stripe very
weakly interacts with the light in LiNbOj3 in the SSPD configura-
tion with a superconducting nanostructure between the titanium
in-diffused waveguide and the high refractive index dielectric
stripe. Thus, a mode transformer should be used. Very similar
effective refractive indices of the fundamental TErx mode of
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Fig. 4. Influence of the superconducting nanostructure topology (nanowire
width d and meander period D) on the absorption coefficient for TiO2 (a, b) and
Si (c, d) stripes.

the titanium in-diffused waveguide in Section I and TEpj0c
mode in sections II and III create a risk of light leakage to the
TEn1oc mode and a decrease in the SSPD efficiency. Therefore,
detailed analysis of light propagation in the mode transformer
(Section II in Fig. 2) was carried out. The taper configuration
for waveguide mode transformation should provide an adiabatic
mode transformation. The TiO5 taper will have larger sizes as
compared to the Si taper, and adiabatic configuration can be
easily realized by standard methods of thin-film technology
and contact photolithography. Therefore, detailed analysis was
carried out specifically for the TiO, taper.

The taper configuration (Fig. 2) was described by the fol-
lowing parameters: the taper height H; = 500 nm and final
width Wy = 3 pum were defined in the previous section from
the conditions of a high light absorption. The initial width Wy
and half taper angle 6 had to provide an adiabatic waveguide
mode transformation. We set Wy = 1 pm, which is a typical
resolution of simple contact photolithography, and the influence
of the taper angle was analyzed. Taper hybrid modes were ana-
lyzed by using the same two-dimensional finite-element method
simulation (COMSOL) as the modes of sensitive Section III.
Then the beam propagation method (BPM) was used to prove an
adiabatic regime of operation and estimate the taper transforma-
tion efficiency. The fundamental mode of the gradient titanium
in-diffused waveguide was used as an input signal.

The results of simulation are presented in Figs. 5 and 6. They
show that the half taper angle should be much lower than the esti-
mate for a simple titanium in-diffused taper 6 < m ~
4-1072 radian ~ 2.3° [36]. The half taper angle 6 less than
0.1° should ensure the mode transformation efficiency higher
than 50%.

A limited efficiency of mode transformation lead to an ex-
citation of the TE 1o mode in sensitive Section III and to an
interference between TE;,. mode and the TE ;o mode. This
explains the interference pattern obtained in the BPM simulation
which was used for the estimation of the mode transformation
efficiency (Fig. 6).

According to the simulation results, the effective refractive
indices and mode field distributions of TE),. modes on the taper
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distribution). The fundamental TEr, 5 mode is launched to the mode transformer
input. (b) Efficiency of mode transformation as a function of the half taper
angle 6.

output and in the Section III of the SSPD (at Wq = 3 pym and Hqy
= 500 nm) are slightly different. This difference is due to NbN
nanostructure. The Fresnel reflection and leakage due to mode
mismatch on the boundary between Section II and Section III
were estimated as 3-104% and 99.4%, respectively. Thus, this
boundary has little effect on detection efficiency.

The theoretical analysis has also shown that the TM mode
of the titanium in-diffused waveguide does not “feel” the taper
and does not change the effective refractive index. In addition,
the dispersion curves for the orthogonally polarized modes are
far from each other and, as a consequence, there is no risk
of polarization conversion [37]. It should also be noted that
the untransformed TM mode has almost negligible propagation
losses in Section III of LN-SSPD.

VII. DISCUSSION

The theoretical analysis of an optimal LN-SSPD design
showed that the evolutions of mode composition in taper Sec-
tion IT (Fig. 5) and in the detector region in Section III (Fig. 3)
are different. The growth of the dielectric stripe height (Hg)
and origin of the TEj,. mode do not distort the fundamental
mode of the Ti:LiNbO3 waveguide. At the same time, when
the width (W) of a dielectric stripe in Section II without the
NbN nanostructure (Fig. 5) increases, the fundamental mode of
the Ti:LiNbO3 waveguide can be converted to a TE;,. mode.
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This difference can be explained by the influence of a NbN
nanostructure which divides a hybrid waveguide into two parts
like a metal mirror [38]. This behavior shows the main require-
ments to the LN-SSPD design. A mode with a high absorption
can not be excited when the superconducting nanostructure is
covered with an additional high-refractive-index dielectric layer.
A special mode converter on the Ti:LiNbO3 waveguide in the
region free from a superconducting nanostructure should be used
to excite a localized mode with the maximum absorption coef-
ficient that, in turn, strongly interacts with the superconductive
nanostructure. To prevent a light leakage, the converter should
ensure an adiabatic mode transformation. We have analyzed the
simplest design of such a converter which is a taper with a smooth
width increase at a constant height of the high-refractive-index
cover stripe. A very small taper angle (< 0.1 °) is needed for the
effective mode conversion even in the case of TiOs dielectric
stripe with not very high refractive index increase relative to the
Ti:LiNbO3 waveguide. The requirement is more strict for the
Si taper for which the refractive index increase is one order of
magnitude higher. This makes the adiabatic Si taper fabrication
challenging and demanding to the technology. This was our first
argument for the choice of the TiOs stripe in spite of the fact
that a higher absorption coefficient could be obtained with a Si
stripe. Note that even the TiO» stripe increases the LN-SSPD
absorption efficiency dramatically.

Note that the theoretical analysis was carried out and esti-
mation of the LN-SSPD performance was made for an ideal
hybrid waveguide structure with vertical and smooth sidewalls.
While the verticality of the sidewalls had a little effect on the
optimal LN-SSPD design, the scattering of optical waves from
the sidewall roughness could lead to a significant degradation
in the LN-SSPD efficiency. The technologies for fabrication
of hybrid waveguides on LiNbOj3 substrates with rather a low
optical loss were developed for the materials of interest (Si and
TiO5) [30]-[32], but TiOy which has a lower refractive index
contrast has less strict requirements to fabrication imperfections
[34], such as a deviation of the waveguide structure sizes and
sidewalls roughness.

As mentioned earlier, a high absorption coefficient is not the
single factor responsible for the LN-SSPD efficiency [20]. As
fabricated samples have demonstrated, the fiber-to-waveguide
coupling efficiency is relatively high for Ti:LiNbO3 waveguides.
Unfortunately, in our preliminary experiments we failed to
reach the maximum internal detection efficiency of LN-SSPD.
However, the last publication [18] demonstrated that this was
possible. It should be noted that in [18] the LN-SSPD efficiency
was tested at a much lower temperature (0.8 K) as compared
with our experimental conditions which were the liquid-helium
temperature at normal atmospheric pressure (4.2 K). Tempera-
ture lowering is one of the ways to increase the internal detection
efficiency [26].

The other way is the optimization of the superconductive
nanostructure through the adjustment of nanowire width and
meander period [20], [27]-[29]. Moreover, according to the
simulation results, variations in these parameters will not lead
to a significant decrease in the maximum absorption coefficient.
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VIII. CONCLUSION

To summarize, we have developed a new concept of
a highly efficient integrated optical LN-SSPD. A hy-
brid waveguide structure consisting of a LiNbOj3 substrate
with a conventional titanium in-diffused waveguide, NbN
superconducting nanostructure and high-refractive-index di-
electric stripe with a tapered waveguide mode transformer was
proposed. TiO» and Si were considered as high-refractive-index
materials. An optimal design of the hybrid waveguide structure
and tapered waveguide mode transformer were theoretically
analyzed. A high absorption coefficient was used as a criterion of
the hybrid waveguide structure optimization. Si based structures
give a higher light concentration and, hence, a higher absorption
coefficient. However, they are very demanding to the technolog-
ical accuracy. TiO4 hybrid waveguide structures potentially can
be produced by the standard thin-film deposition technique and
contact photolithography. The estimated absorption coefficient
aTioz = 1.31 dB/pmis four orders of magnitude higher than that
for the SSPD with a standard titanium in-diffused waveguide,
and a high transformation mode efficiency opens a way for
fabrication of an integrated optical LN-SSPD with the efficiency
comparable with other competing material platforms (Si, SizNy
and A3B5 semiconductors).
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