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Integrated lithium niobate (LN) photonic circuits have re-
cently emerged as a promising candidate for advanced pho-
tonic functions such as high-speed modulation, nonlinear
frequency conversion, and frequency comb generation.
For practical applications, optical interfaces that feature
low fiber-to-chip coupling losses are essential. So far, the
fiber-to-chip loss (commonly >10 dB/facet) has domi-
nated the total insertion losses of typical LN photonic in-
tegrated circuits, where on-chip losses can be as low as 0.03—
0.1 dB/cm. Here we experimentally demonstrate a low-loss
mode size converter for coupling between a standard lensed
fiber and sub-micrometer LN rib waveguides. The coupler
consists of two inverse tapers that convert the small optical
mode of a rib waveguide into a symmetrically guided mode
of a LN nanowire, featuring a larger mode area matched to
that of a tapered optical fiber. The measured fiber-to-chip
coupling loss is lower than 1.7 dB/facet with high fabrica-
tion tolerance and repeatability. Our results open the door
for practical integrated LN photonic circuits efficiently in-
terfaced with optical fibers.  ©2019 Optical Society of America

https://doi.org/10.1364/0OL.44.002314

Integrated lithium niobate (LN) photonics has been growing
rapidly over the past decade due to attractive material proper-
ties, including a large second-order nonlinear susceptibility, a
large piezoelectric response, a wide optical transparency win-
dow, a high refractive index [1], and the recently developed
thin-film LN-on-insulator (LNOI) nanofabrication technology
[2]. A wide range of nanophotonic devices, including microring
resonators [3—7], photonic crystal cavities [8,9], and microdisk
resonators [10—12] has been realized and used to achieve ad-
vanced optical functionalities on-chip such as electro-optic
(EO) modulation [13-20], second harmonic generation
[6,21,22], supercontinuum generation [23], EO frequency
comb [24], and Kerr frequency comb generation [25,26].
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These on-chip functionalities could have profound impact
on integrated optical solutions in optical communications
[6], spectroscopy and sensing [27], and microwave photonics
[28-30].

However, a major challenge for practical applications of in-
tegrated LN photonics is the lack of an efficient interface be-
tween the micrometer-scale LN devices and optical fibers. For
many applications, including EO modulators and frequency
comb generation, the system performance is directly associated
with the total optical power delivered to the chips. For example,
integrated LN modulators developed recently feature large
bandwidths, low driving voltages, and low on-chip losses
bu, at the same time, suffer from large fiber-to-fiber insertion
losses in excess of 10 dB [15,28]. This is due to a large
mismatch between the mode sizes and mode indices of optical
fibers and nanophotonic LN waveguides. Such a high insertion
loss prevents these high-performance modulators from reaching
their true potential and finding practical applications.
Increasing the on-chip optical mode size, therefore, is impor-
tant not only to enable LN photonic integrated circuits with
low insertion losses, but also to improve the alignment toler-
ance during packaging and assembly.

Here we demonstrate an on-chip LN bilayer inversely ta-
pered mode size converter and achieve fiber-to-chip coupling
losses lower than 1.7 dB/facet (fiber-to-fiber insertion loss of
3.4 dB) at telecom wavelengths through an optimized nanofab-
rication process. This is a substantial improvement over recent
fiber-chip interfaces in thin-film LN devices, including grating
couplers with insertion losses of ~10 dB or higher [31,32] and
end-fire couplers on a hybrid silicon nitride/LN platform
(~6 dB/facet) [21].

Many integrated LN devices rely on a rib waveguide geom-
etry, with a slab beneath the ridge. The slab geometry is desired
to allow the electric field to efficiently propagate through LN
with has a relatively large dielectric constant. As a result, con-
ventional single layer inverse taper designs [33] are not readily
suitable here, since tapering the rib portion only will push the
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Fig. 1. (a) Schematic of the bilayer tapered mode size converter.
Top-left inset: cross-sectional view of the bilayer inverse taper.
Bottom right inset: top-down view of the bilayer inverse taper. L; =
120 pm and L, = 450 pm are the tapering lengths of the top wave-
guide rib and the bottom slab layer, respectively. w; = 1.2 pm cor-
responds to the width of the bottom layer taper in the conversion
section, and w, = 340 nm is the tip width. Note that the widths here
are defined as the top widths of the trapezoids. (b)—(d) Cross-sectional
electrical field distribution (£,) of the TE optical modes at different
tapering regions: (b) tip of the bottom slab layer, (c) conversion area
where the top waveguide ridge just ends, and (c) bilayer tapers.

optical mode to the LN slab, resulting in poor coupling effi-
ciencies. Therefore, efficient couplers for rib waveguide struc-
tures require a bilayer taper to convert the etched rib waveguide
mode to a nearly circularly symmetric output mode. In our
approach, this is accomplished by adiabatically tapering the
bottom slab layer as well. Figure 1(a) shows the schematic view
of our LN mode size converter designed to support a funda-
mental transverse-clectric (TE) optical mode, where in-plane
electric fields (£,) could interact through the highest EO/non-
linear-optic tensor component of the x-cut LN thin film we
use. The coupling is based on a gradual variation of the wave-
guide cross section to a certain point, such that a better size
overlap and index match between modes of the input fiber and
nanophotonic waveguides are achieved.

Finite-difference time domain simulations are used to de-
sign an adiabatic coupler [34] that can match the optical mode
of a lensed single-mode fiber (SMF) with a mode field diameter
(MED) of ~2 pm in air (1, = 1), to the mode of a LN rib
waveguide, with an MFD ~1.2 pm and SiO, cladding
(mn = 2.2, n50, = 1.45). To accomplish this, we utilize
gradual tapering of both rib and slab portions of the waveguide
following an exponential function. The top (rib) taper evolves
from a nominal LN waveguide width of 800 nm down to a
30 nm tip with a height 4, of 350 nm over a 120 pm length,
which ensures single-mode propagation along the waveguide
taper. The bottom (slab) layer taper narrows down laterally
from 6 pm to a tip of 340 nm wide with a slab height A,
of 250 nm to match the optical mode of fiber. The optical
mode profiles of the fundamental TE mode at different regions
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along the LN coupler are shown in Figs. 1(b)-1(d). As ex-
pected, the mode size becomes larger and more symmetric,
as light is transferred to the tapered slab layer such that nearly
all optical power remains in the target eigenmode. Our optimal
coupler design features a fiber-to-rib coupling efficiency as high
as 88%.

It should be noted that the MFD we obtained here is not the
largest possible, but was chosen to match the mode size of the
lensed fiber used. It is possible to interface optical fibers with
larger optical modes by tapering the waveguides to an even nar-
rower width. We calculated the MFDs of different tip widths
w, changing from 50 nm to 1 pm at the telecom wavelength.
The mode size at the chip facet decreases greatly as the taper
becomes wider, due to the stronger light confinement (higher
refractive index). When the taper is wider than 0.8 pm, the
mode diameter grows gradually and finally reaches a plateau.
By changing the widths of the tip, we can achieve 1.1-
7 pm MFD at the edge of the chip. Furthermore, the imple-
mentation of our bilayer inverse taper successfully brings the
effective refractive index of the rib waveguide mode from
1.9 down to a range between 1.44 and 1.62 (red curve in
Fig. 2). Therefore, the index mismatch between LN photonic
integrated devices and lensed fiber is well compensated.

We fabricated the converter using a commercially available
x-cut LNOI substrate (NANOLN), where a LN thin film
(600 nm thick) was bonded on top of the silica (2 pm thick)
on a silicon substrate handle (0.5 mm thick). The top-down
fabrication process involves a two-step lithography and etching
process of a LNOI wafer. In the first step, we defined the pat-
terns of the intended LN photonic integrated circuits and the
top taper layer using electron beam lithography (EBL) and
transferred the patterns 350 nm deep into LN thin film using
reactive ion etching (RIE) with argon [4]. The waveguides were
then cladded by depositing 1 pm of SiO, using plasma-en-
hanced chemical vapor deposition (PECVD). Aligned photo-
lithography and hydrofluoric acid wet etching were then
employed to remove the cladding layer at the corresponding
tapering regions, while the rest of the photonic integrated chip
is protected from subsequent etching. After a second layer of
aligned EBL and RIE, the second taper layer was defined and
re-cladded with PECVD SiO,. The facets of the final devices
were etched to reduce roughness and to ensure good coupling
to and from the optical fibers. Figure 3 displays a scanning
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Fig. 2. Dependence of the mode field diameter (blue curve) and
effective refractive index (red curve) on the tip widths of the slab layer.



2316 Vol. 44, No. 9 / 1 May 2019 / Optics Letters

Fig. 3. SEM images of the fabricated bilayer mode size converter.
The inset shows a close-up view of the bottom layer taper. The top
layer waveguide is covered by e-beam resist after patterning the slab,
so the contour is blurred.

electron microscope (SEM) image of the mode size converters
we fabricated.

We use a transmission setup to measure the fiber-to-fiber
insertion losses of LN chips with and without mode size con-
verters. A tunable telecom external cavity diode laser (Santec—
TSL 510) is used to excite the devices, and transmitted light is
collected and detected using an InGaAs photodetector
(Newport 1811). A piezo-controlled micropositioner is em-
ployed to precisely control the motion of the tapered-lensed
fiber to achieve optimal coupling with the chip. To ensure
TE input polarization and maximizes the transmitted laser light
a fiber polarization controller was placed after the laser. We also
fabricated microring resonators on the chip to confirm that the
transmissions we observe are not from the slab modes. Figure 4
displays the broadband transmission spectra of the on-chip LN
mode size converter coupled to the tapered-lensed fiber, which
exhibits a series of dips attributed to localized TE-polarized mi-
croring resonances (red curve). The coupling loss decreases
from 11 to 14 dB (gray curve) to ~3—5 dB (red curve) from
1480 to 1680 nm after introducing the mode size converter.
Note that both waveguides, with and without a mode size con-
verter, are 4 mm long and are fabricated on the same chip to
avoid variations between different fabrication runs. We exper-
imentally confirm the low propagation loss of our waveguides
[4] using the measured quality factor (Q) of a nearly critically
coupled microring resonator on the same chip as a reference
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Fig. 4. Calibrated transmission spectra for LN rib waveguides
coupled to ring resonators, with (red) and without (gray) couplers,
showing fiber-to-fiber insertion losses of 14 and 3.4 dB, respectively.
The dips correspond to microring cavity resonances, featuring
Qloaded = 1.5 x 10°.
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Fig. 5. (a) Simulated (blue curve) and measured (red dots) coupling
efficiencies versus different tip widths of the tapered slab region.
(b) Additional insertion loss of the bilayer nanotaper as a function

of fiber-chip misalignment (TE mode).

(Qoaded ~ 1.5 x 10%). The high quality factor indicates that
the 4 mm waveguides have a propagation loss of <0.05 dB.
Therefore, we conclude that the overall insertion loss that
we measure is dominantly due to fiber-to-chip coupling. We
carried out a series of measurements for devices with different
slab tip widths and found a minimum fiber-to-fiber insertion
loss of 3.4 dB (the red curve) for a tip width of 340 nm. In
order to evaluate the robustness and compatibility of our de-
vices for high power applications we tested our devices under
high optical powers up to 1 W for continuous operation of
more than 1 h, and no damage to the facet and coupling region
was observed.

We compare the experimentally measured coupling efficien-
cies for different taper widths and find them to be in good
agreement with theoretical predictions [Fig. 5(a)]. The differ-
ence in the experimental data and simulation may be attributed
to misalignment between the two tapers, non-ideal etch depths
of the rib waveguides, and other fabrication imperfections. We
also measured the tolerance of the optical fiber position for TE
polarization. The input fiber was mounted on the motorized
stage and scanned over 4 pm in the horizontal plane, while
the distance between the input fiber and chip facet is fixed
at the confocal point of the lensed fiber. The measured align-
ment tolerance for 1 dB excess loss is =1 pm in the transverse
directions, as shown in Fig. 5(b). The alignment tolerance
agrees with our estimate of the mode size.

In conclusion, we have experimentally demonstrated a
monolithic bilayer mode size converter for efficient fiber cou-
pling to LN nanophotonic waveguides. The mode size con-
verter consists of a two-layer taper, implemented using a
two-step dry etching process, which gradually decreases the
width of both rib and slab portions of the LN waveguide.
Using this approach, the total insertion loss could be reduced
from 14 to 3.4 dB. The high coupling efficiency will enable
optical packaging of LNOI devices and opens the door for prac-
tical applications in LN integrated photonics. Compared with
the weak LN waveguide fabricated by using Ti diffusion or pro-
ton exchange, the bilayer LN taper has a reduced mode size,
which poses a tighter packaging requirement than a conven-
tional weakly confined waveguide, but conventional LN devi-
ces are bulky, non-scalable, expensive, and low in efficiency. We
note that our approach can be extended to coupling to stan-
dard, cleaved, optical fibers (e.g., Corning SMF28 with the
MEFD of 10.4 + 0.5 pm at 1550 nm) using a high numerical
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aperture fiber (MFD ~ 3.2 pm) as an intermediary. This
method has been successfully employed to couple light effi-
ciently from a SMF28 to a silicon waveguide with an overall

coupling loss of less than 1.5 dB [35].

Funding. National Science Foundation (NSF) Innovation-
Technology Translation (PFI-TT) program (IIP-1827720);
China Scholarship Council (CSC) (201706470030); City
University of Hong Kong (Start-up Funds).

Acknowledgment. Device fabrication was performed at
the Harvard University Center for Nanoscale Systems, a
member of the National Nanotechnology Coordinated
Infrastructure Network, which is supported by the NSE.
The authors also thank Linbo Shao, Christian Reimer, and
Boris Desiatov for fruitful discussions, and Mengjie Yu for
assistance in high optical power measurement.

REFERENCES

1. P. Ferraro, S. Grilli, and P. De Natale, Ferroelectric Crystals for
Photonic  Applications: Including Nanoscale Fabrication and
Characterization Techniques (Springer, 2013).
2. A. Boes, B. Corcoran, L. Chang, J. Bowers, and A. Mitchell, Laser
Photonics Rev. 12, 1700256 (2018).
3. A. Guarino, G. Poberaj, D. Rezzonico, R. Degl'lnnocenti, and P.
Gunter, Nat. Photonics 1, 407 (2007).
4. M. Zhang, C. Wang, R. Cheng, A. Shams-Ansari, and M. Lon¢ar,
Optica 4, 1536 (2017).
5. R. Wolf, I. Breunig, H. Zappe, and K. Buse, Opt. Express 25, 29927
(2017).
6. R. Luo, H. Jiang, S. Rogers, H. Liang, Y. He, and Q. Lin, Opt. Express
25, 24531 (2017).
7. I. Krasnokutska, J.-L. J. Tambasco, X. Li, and A. Peruzzo, Opt.
Express 26, 897 (2018).
8. J. D. Witmer, J. T. Hill, and A. H. Safavi-Naeini, Opt. Express 24, 5876
(2016).
9. H. Liang, R. Luo, Y. He, H. Jiang, and Q. Lin, Optica 4, 1251 (2017).
10. C. Wang, M. J. Burek, Z. Lin, H. A. Atikian, V. Venkataraman, |.-C.
Huang, P. Stark, and M. Lon¢ar, Opt. Express 22, 30924 (2014).
11. J. Wang, F. Bo, S. Wan, W. Li, F. Gao, J. Li, G. Zhang, and J. Xu, Opt.
Express 23, 23072 (2015).

12. R. Wu, J. Zhang, N. Yao, W. Fang, L. Qiao, Z. Chai, J. Lin, and Y.
Cheng, Opt. Lett. 43, 4116 (2018).

13. L. Chen, Q. Xu, M. G. Wood, and R. M. Reano, Optica 1, 112 (2014).

14. A. Rao, A. Patil, J. Chiles, M. Malinowski, S. Novak, K. Richardson, P.
Rabiei, and S. Fathpour, Opt. Express 23, 22746 (2015).

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Vol. 44, No. 9 / 1 May 2019 / Optics Letters 2317

. C.Wang, M. Zhang, B. Stern, M. Lipson, and M. Lon¢&ar, Opt. Express
26, 1547 (2018).

P. O. Weigel, J. Zhao, K. Fang, H. Al-Rubaye, D. Trotter, D. Hood, J.
Mudrick, C. Dallo, A. T. Pomerene, A. L. Starbuck, C. T. DeRose, A. L.
Lentine, G. Rebeiz, and S. Mookherjea, Opt. Express 26, 23728
(2018).

A.J. Mercante, S. Shi, P. Yao, L. Xie, R. M. Weikle, and D. W. Prather,
Opt. Express 26, 14810 (2018).

M. R. Escalé, D. Pohl, A. Sergeyev, and R. Grange, Opt. Lett. 43,
1515 (2018).

M. He, M. Xu, Y. Ren, J. Jian, Z. Ruan, Y. Xu, S. Gao, S. Sun, X. Wen,
and L. Zhou, “High-performance hybrid silicon and lithium niobate
Mach-Zehnder  modulators  for 100 Gbit/s and  beyond,”
arXiv:1807.10362 (2018).

J. D. Witmer, J. A. Valery, P. Arrangoiz-Arriola, C. J. Sarabalis, J. T.
Hill, and A. H. Safavi-Naeini, Sci. Rep. 7, 46313 (2017).

L. Chang, Y. Li, N. Volet, L. Wang, J. Peters, and J. E. Bowers, Optica
3, 531 (2016).

C. Wang, C. Langrock, A. Marandi, M. Jankowski, M. Zhang, B.
Desiatov, M. M. Fejer, and M. Lon¢ar, Optica 5, 1438 (2018).

M. Yu, B. Desiatov, Y. Okawachi, A. L. Gaeta, and M. Loncar,
“Coherent two-octave-spanning supercontinuum generation in lith-
ium-niobate waveguides,” arXiv:1901.11101 (2019).

M. Zhang, B. Buscaino, C. Wang, A. Shams-Ansari, C. Reimer, R.
Zhu, J. Kahn, and M. Loncar, “Broadband electro-optic frequency
comb generation in an integrated microring resonator,”
arXiv:1809.08636 (2018).

C. Wang, M. Zhang, R. Zhu, H. Hu, and M. Loncar, “Monolithic
photonic circuits for Kerr frequency comb generation, filtering and
modulation,” arXiv:1809.08637 (2018).

Y. He, Q. F. Yang, J. Ling, R. Luo, H. Liang, M. Li, B. Shen, H. Wang,
K. Vahala, and Q. Lin, “A self-starting bi-chromatic LiNbO; soliton mi-
crocomb,” arXiv:1812.09610 (2018).

R. Luo, H. Jiang, H. Liang, Y. Chen, and Q. Lin, Opt. Lett. 42, 1281
(2017).

A. J. Mercante, P. Yao, S. Shi, G. Schneider, J. Murakowski, and D.
W. Prather, Opt. Express 24, 15590 (2016).

M. Soltani, M. Zhang, C. Ryan, G. J. Ribeill, C. Wang, and M. Loncar,
Phys. Rev. A 96, 043808 (2017).

C. Javerzac-Galy, K. Plekhanov, N. Bernier, L. D. Toth, A. K.
Feofanov, and T. J. Kippenberg, Phys. Rev. A 94, 053815 (2016).
Z.Chen, Y. Wang, H. Zhang, and H. Hu, Opt. Mater. Express 8, 1253
(2018).

M. A. Baghban, J. Schollhammer, C. Errando-Herranz, K. B.
Gylfason, and K. Gallo, Opt. Express 25, 32323 (2017).

V. R. Almeida, R. R. Panepucci, and M. Lipson, Opt. Lett. 28, 1302
(2003).

T. Tiecke, K. Nayak, J. Thompson, T. Peyronel, N. De Leon, V.
Vuleti¢, and M. Lukin, Optica 2, 70 (2015).

S. F. Preble, M. L. Fanto, J. A. Steidle, C. C. Tison, G. A. Howland, Z.
Wang, and P. M. Alsing, Phys. Rev. Appl. 4, 021001 (2015).


https://doi.org/10.1002/lpor.v12.4
https://doi.org/10.1002/lpor.v12.4
https://doi.org/10.1038/nphoton.2007.93
https://doi.org/10.1364/OPTICA.4.001536
https://doi.org/10.1364/OE.25.029927
https://doi.org/10.1364/OE.25.029927
https://doi.org/10.1364/OE.25.024531
https://doi.org/10.1364/OE.25.024531
https://doi.org/10.1364/OE.26.000897
https://doi.org/10.1364/OE.26.000897
https://doi.org/10.1364/OE.24.005876
https://doi.org/10.1364/OE.24.005876
https://doi.org/10.1364/OPTICA.4.001251
https://doi.org/10.1364/OE.22.030924
https://doi.org/10.1364/OE.23.023072
https://doi.org/10.1364/OE.23.023072
https://doi.org/10.1364/OL.43.004116
https://doi.org/10.1364/OPTICA.1.000112
https://doi.org/10.1364/OE.23.022746
https://doi.org/10.1364/OE.26.001547
https://doi.org/10.1364/OE.26.001547
https://doi.org/10.1364/OE.26.023728
https://doi.org/10.1364/OE.26.023728
https://doi.org/10.1364/OE.26.014810
https://doi.org/10.1364/OL.43.001515
https://doi.org/10.1364/OL.43.001515
https://doi.org/10.1038/srep46313
https://doi.org/10.1364/OPTICA.3.000531
https://doi.org/10.1364/OPTICA.3.000531
https://doi.org/10.1364/OPTICA.5.001438
https://doi.org/10.1364/OL.42.001281
https://doi.org/10.1364/OL.42.001281
https://doi.org/10.1364/OE.24.015590
https://doi.org/10.1103/PhysRevA.96.043808
https://doi.org/10.1103/PhysRevA.94.053815
https://doi.org/10.1364/OME.8.001253
https://doi.org/10.1364/OME.8.001253
https://doi.org/10.1364/OE.25.032323
https://doi.org/10.1364/OL.28.001302
https://doi.org/10.1364/OL.28.001302
https://doi.org/10.1364/OPTICA.2.000070
https://doi.org/10.1103/PhysRevApplied.4.021001

	XML ID funding

