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Abstract: Due to attractive material properties, thin film lithium niobate (TFLN) has emerged as a
promising platform for advanced photonic functions such as high-speed electro-optical modulation,
nonlinear frequency conversion, and frequency comb generation. The inevitable problems for the
practical above-mentioned applications are the large coupling loss between the fiber and the TFLN
waveguide and difficulty in achieving broadband coupling, especially covering the near-visible to
near-infrared. Here, we theoretically propose a low-loss and ultrabroadband edge coupler with a
six-layer structure. For transverse electric (TE) polarized light, the proposed coupler can achieve
0.62 dB, 0.38 dB, and 0.47 dB per facet at three common communication bands, 845 nm, 1310 nm,
and 1550 nm, respectively. From 1200 nm to 2000 nm, the coupling loss is less than 1 dB/facet.
Moreover, in the near-visible to near-infrared region ranging from 845 nm to 2000 nm, the coupling
loss is lower than 2 dB/facet. The proposed coupler can avoid expensive electron beam lithography.
Instead, it can be fabricated by i-line ultraviolet lithography, which is cost-effective and adaptable to
wafer-scale fabrication. Also, simulated fabrication tolerances demonstrate the strong robustness of
the proposed coupler. Our results pave a way towards practical TFLN photonic devices connected
with optical fibers.

Keywords: thin film lithium niobate; edge coupler; ultrabroadband; cost-effective

1. Introduction

Lithium niobate (LN) is considered a promising candidate for integrated photonics
and has been applied in photonics areas for a long time. Compared with other material
systems (silicon [1,2], silicon nitride [3,4], gallium arsenide [5], etc.), LN has many excellent
properties, such as wide transparent windows (400–5000 nm), large second-order nonlin-
earity (d33 = 27 pm/V), and outstanding electro-optic properties (r33 = 30.9 pm/V) [6–10].
Conventional LN devices are typically implemented by diffused technologies such as
reverse-proton exchange [11–13]. These diffused technologies can only provide a small
refractive index contrast (∆n ~ 0.02), resulting in weak confinement, a large mode field
diameter, and a large bending radius, which is not conducive to integration. Fortunately,
the emergence of thin film lithium niobate (TFLN, typically hundreds of nanometers of
lithium niobate on top of a 2 µm or 4.7 µm thick buried silica layer supported by a silicon
substrate) and progress in etching LN have provided an unlimited possibility for integrated
LN photonics. Due to a high refractive index contrast (∆n ~ 0.7), devices based on TFLN
are able to achieve tighter confinement and stronger light–matter interaction, with a mode
field diameter (MFD) of typically only 1 µm or smaller. Recently, a great number of out-
standing devices based on TFLN have been reported, such as upconversion single-photon
detectors [14], frequency converters [15–23], electro-optic modulators [24–26], frequency
combs [27], etc.

However, there are many challenges and difficulties in the further development and
practical application of devices based on TFLN. The most obvious one is the large coupling
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loss between the optical fiber and the submicrometer TFLN waveguide due to their large
mode sizes’ mismatch. The high coupling loss compromises the optical power delivered
into the TFLN waveguide, thus restricting the overall performances of the above photonic
devices. Another is the difficulty in achieving broadband coupling, especially covering the
near-visible to the near-infrared. For example, for applications such as frequency conver-
sion interfaces, upconversion single-photon detectors, and corresponding photonic systems,
which typically involve two or more photons with significant frequency difference [28–30],
the coupling bandwidth is crucial and dramatically affects their performances. Couplers
between the optical fiber and the LN chip are usually employed to cope with the coupling
issue mentioned above. They can be simply divided into two categories: vertical couplers
and edge couplers, according to the coupling direction. Vertical couplers, mostly grating
couplers [31–38], intrinsically suffer from limited efficiency, limited bandwidth, and polar-
ization sensitivity due to their operational principle. As for edge couplers [39–47], taper
waveguide structures are usually used in the design and preferred in practical applications,
especially in areas with high requirements for both coupling efficiency and bandwidth,
such as upconversion single-photon detectors.

Recently, various edge couplers based on TFLN have been reported. After shrink-
ing the tapered tip to match the lensed fiber, a bilayer taper shows a coupling loss of
1.7 dB/facet [39]. To further improve the coupling efficiency, a coupler consisting of a
bilayer taper and a SiON cladding waveguide is proposed that displayed a coupling loss
lower than 1 dB/facet in the wavelength range of 1527 nm to 1630 nm [41]. In order to
extend the coupling bandwidth to the near-visible band, a coupler comprising a tri-layer ta-
per and a silica cladding waveguide is reported that exhibited a coupling loss of 1 dB/facet
and 3 dB/facet at 1550 nm and 775 nm, respectively [44]. Although the performance of
the above coupler is outstanding, the fabrication of such a coupler requires high-precision
electron-beam lithography, which is expensive and detrimental to wafer-scale fabrication.
Predictably, with the development of LN photonics, it is important to integrate all kinds of
LN functional components on a single wafer. Therefore, to take full advantage of TFLN, a
coupler that can be manufactured at wafer-scale using ultraviolet lithography and is low
loss, ultrabroadband, and cost-effective is highly desired.

In this paper, we theoretically propose a low-loss, ultrabroadband, and cost-effective
edge coupler, with a six-layer structure, that can be fabricated by i-line ultraviolet lithogra-
phy and is able to avoid expensive high-precision electron beam lithography. For transverse
electric (TE) polarized light, the proposed coupler can achieve 0.62 dB, 0.38 dB, and 0.47 dB
per facet at three common communication bands, 845 nm, 1310 nm, and 1550 nm, respec-
tively. From 1200 nm to 2000 nm, the coupling loss is less than 1 dB/facet. Moreover,
the proposed coupler achieves a coupling loss of less than 2 dB/facet in the near-visible
to the near-infrared region ranging from 845 nm to 2000 nm. The influences of misalign-
ment, etching depth deviation, and sidewall angle deviation are also simulated, showing a
large fabrication tolerance. Our approach opens a door for future practical integrated LN
photonic devices and corresponding applications.

2. Principle of the Multilayer Coupler

The schematic structure of the coupler is shown in Figure 1a–c. The proposed coupler,
composed of a multilayer spot size converter (SSC) and an SU8 cladding waveguide (CWG),
is based on x-cut TFLN. When light is coupled from the fiber to the chip, both the SSC
and the CWG play an important role. The CWG not only improves the mode overlap
between fiber and chip but also reduces the possibility of light leakage to the cladding silica
or substrate. The multilayer SSC, whose light confinement gradually increases with the
increase of the number of layers and the coupling length, can adiabatically couple the light
from the CWG into the waveguide. As shown in Figure 1d,e, we selected 1064 nm (TE
mode) for the analysis and showed the mode evolution along the propagation direction
and the mode field distribution at different cross-sections. It is apparent that after the
light is incident from the fiber to the coupler, the light is progressively coupled into the
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waveguide along the propagation direction. Detailed design parameters of the CWG and
SSC are described in Part 3.
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Figure 1. (a) Three-dimensional, (b) cross-sectional, and (c) top view schematic of the multilayer
edge coupler. The simulated (d) mode evolution and (e) mode field distribution of the fundamental
TE mode at 1064 nm. For clarity of viewing, the cladding silica is not shown in the three-dimensional
schematic. The cladding silica and SU8 CWG are not shown in the top view schematic. In (d,e), the
positions represented by I–IV are L = 200 µm, L = 400 µm, L = 800 µm, and L = 1400 µm, respectively.

For a given fiber, an SSC that is suitable for short waves often fails to form effective
confinement at long wavelengths. Conversely, if an SSC is properly used to couple long
waves, its tapered tip will cause too tight a confinement for short waves and hence a large
mode mismatch, which will lead to a decreased coupling efficiency at short wavelengths.
Thus, for broadband coupling, because the demand for the SSC is different for different
wavelengths when the coupling efficiency and bandwidth are both considered, we need to
meet the coupling requirements for short waves first and then achieve tight confinement
and efficient coupling for long waves through the adjustment of the height of the SSC.

Also, on the point of fabrication, we would like to reduce the fabrication difficulty and
cost by using i-line ultraviolet lithography, which will inevitably make the horizontal width
of the SSC larger. However, in the practical fabrication process, the longitudinal height
of the SSC can be controlled by the etching time far more easily than with the small-size
electron beam lithography in the horizontal direction. Therefore, we increase the number
of layers in order to adjust the confinement capacity of the SSC.

To better illustrate the principles, we use the finite-difference eigenmode (FDE) solver
(Mode Solutions, Anays/Lumerical) to calculate the modal distribution and mode area of
the SSC at different heights, as shown in Figure 2. In the designed coupling bandwidth,
we select 845 nm, 1064 nm, 1310 nm, 1550 nm, 1950 nm, and 2000 nm TE fundamental
modes as the reference light (RL) for the analysis, as they are commonly used wavelengths
in fiber-optic communication and lithium niobate nonlinear optics. In the structural design,
we fixed the sidewall angle and minimum width of the SSC to the commonly used 60◦ and
the common minimum feature size of 1 µm for i-line ultraviolet lithography, respectively.
Figure 2a–f shows the mode field distribution of the RL for the SSC with the same CWG,
the same sidewall angle, the same 1 µm width, and the same 75 nm height. It is obvious
that there is a significant difference in the confinement of the SSC at different wavelengths,
which proves the above conclusion that the demands for the SSC at different wavelengths
are different.

From Figure 2g, we can find that when the width is fixed (1 µm in this case), the
modal area at different wavelengths undergoes a rapid drop at different heights and then
gradually becomes a tightly confined steady state. Therefore, in the stage of rapid change
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of the modal area, the height change of the SSC should be as small as possible to reduce the
coupling loss between adjacent layers. Ideally, the coupling loss between adjacent layers
can be reduced to a negligible level when the number of layers is sufficient or when a
three-dimensional structure with continuously varying height and width is formed [48],
thus achieving a remarkably high coupling efficiency. Nevertheless, both of these scenarios
undoubtedly create difficulties for practical fabrication. Hence, there is a tradeoff between
the number of layers and the coupling efficiency, which is also a tradeoff between the
simplest fabrication and the best performance. In the design, we need to balance the two
and determine the proper parameters, which will be discussed in detail in Part 3.
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Figure 2. (a–f) The cross-sectional mode field distributions of the fundamental TE mode for all RL
(845 nm, 1064 nm, 1310 nm, 1550 nm, 1950 nm, and 2000 nm). (g) The simulated modal area of the
fundamental TE mode versus the SSC height for all RL.

3. Simulation and Optimization

As shown in Figure 2, when the height of the SSC reaches 600 nm, all the light in
the simulation range has reached a stable state. Therefore, we determine the platform for
designing the coupler as an x-cut TFLN with 600 nm LN and 2 µm silica on the silicon
substrate. In the x-cut TFLN, TE polarized light is used in most studies because of its
capability to use the largest nonlinear coefficients and electro-optic coefficients, although
transverse magnetic (TM) polarized light is sometimes used. Therefore, for the simplicity
of expression, in the following discussion, we determine and optimize each parameter
of the coupler using the TE fundamental mode and show the coupling performance of
the TE and TM fundamental modes at the end of this section. During the simulation and
optimization, the FDE solver and Eigenmode Expansion (EME) solver (Mode Solutions,
Anays/Lumerical) are used as analytical tools. In the simulation setup, we use a lensed
fiber with an MFD of 2 µm that has been widely applied experimentally.

Firstly, we determine the parameters of the CWG. To ensure efficient coupling of TE
and TM polarized light at the same time, the cross-sectional shape of the CWG is chosen
to be square, and its schematic diagram is shown in Figure 3a. We determine the size of
the CWG by calculating the mode overlap between the lensed fiber and the CWG with
different sizes. The overlap can be expressed as [43]:

Overlap =

∫ (→
E s ×

→
H∗c ·d

→
S
)
·
∫ (→

E c ×
→
H∗f ·d

→
S
)

∫ (→
E f ×

→
H∗f ·d

→
S
)
·Re
[∫ (→

E c ×
→
H∗c ·d

→
S
)] (1)

where Ef, Hf, Ec, and Hc represent the normalized electric (E) and magnetic (H) fields of
the mode in the fiber (subscript f ) and the CWG (subscript c), respectively. The calculation
results for TE and TM polarized light are shown in Figures 3b and 3c, respectively. Thanks
to the isotropic of SU8 and the square structure of the CWG, Figure 3b,c is almost identical,
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which means that the CWG is polarization insensitive. Therefore, we set the width and
height of the CWG as 1.8 µm, where the overlap of all RL is larger than 94%.
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1550 nm, 1950 nm, and 2000 nm). The dashed lines represent the designed parameters of the CWG.

Secondly, after setting the dimensions of the CWG, we analyze and determine the
height and length of each layer of the SSC. For the height of each layer of the SSC, the
impact is mainly reflected in the coupling loss of light from the CWG to the first tapered
structure and the coupling loss from the sudden change in height between adjacent layers.
It is worth noting that, as discussed in the previous section, there is a clear tradeoff between
the number of layers and the coupling efficiency. Fewer layers mean a larger height
variation between layers, larger interlayer coupling loss, and ultimately larger coupling
loss. Conversely, more layers lead to a higher coupling efficiency but also higher fabrication
difficulty and cost. To solve this problem, we need a moderate group of parameters.

For this purpose, we first calculate and show the moderate parameters chosen in
this paper. Then, different parameters are adjusted, targeting the best efficiency and the
simplest process. Subsequently, the calculation results are compared. In this simulation,
we assume that the length of each layer is sufficiently long and calculate the coupling
efficiency of each group by the FDE and EME solvers. We calculate the coupling loss
from the CWG to the first tapered structure and the coupling loss between each tapered
structure, as shown in Figure 4. From Figure 4, we can obviously see that the larger the
interlayer height variation is, the larger the coupling loss will be. At the same time, different
wavelengths will experience a sudden increase in coupling loss at different heights. This
result is consistent with the case of the modal area illustrated in Part 2. They are manifested
as an abrupt change in coupling loss and the modal area, respectively. As a result, we
need to set up enough layers in the rapid change stage to improve coupling efficiency
according to the practical requirements. In most optical communications, 1 dB/facet is
usually sufficient. Moreover, most of the existing research results are in the interval of
0.5~3 dB per facet. Therefore, we set the heights of the six tapered structures in the SSC as
45 nm, 30 nm, 35 nm, 60 nm, 130 nm, and 300 nm, respectively, as shown by the dashed
lines in Figure 4 and Group A in Table 1.

Further, for a better demonstration of this balanced problem and to emphasize the
generality of Group A, we choose two additional groups of parameters, denoted as Group
B and Group C, under the same condition of a fixed LN thickness of 600 nm. They are
composed of five- and seven-layer tapered structures, respectively, and the specific layer
heights are shown in Table 1. As shown in Figure 5, we can find that all groups exhibit
efficient coupling beyond 1220 nm. However, as the wavelength decreases, the difference
between the groups becomes more and more obvious. When the number of layers is
reduced to five, i.e., Group B, the coupling efficiency is relatively small in the range of
890 nm to 1200 nm. Also, there is a region that cannot be coupled effectively, such as the
region smaller than 870 nm, which is detrimental to achieve broadband coupling. When
the number of layers is increased to seven, i.e., Group C, the coupling efficiency is not
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significantly improved compared to Group A and is even reduced in some regions. As a
result, the number of layers of SSC is set as six. Of course, if the actual requirements or
goals change, we can adjust the number of layers to accommodate the change appropriately.
For example, when we only need communication bands, such as the C-band, to keep low
coupling loss, we can reduce the number of layers to five or four or even less, to three.
Group B in this paper is a similar attempt.
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Table 1. The height of each layer of the SSC for different groups.

Parameters H1 (nm) H2 (nm) H3 (nm) H4 (nm) H5 (nm) H6 (nm) H7 (nm)

Group A
(Chosen group) 45 30 35 60 130 300 -

Group B
(Comparison group) 50 50 70 130 300 - -

Group C
(Comparison group) 40 30 30 50 100 100 250

For the coupling length of each layer of the SSC, it works to keep the mode field
stable within each layer. The mode field needs some distance to complete the change
and become stable. Therefore, with the selection of Group A, we use the EME solver to
optimize and determine the coupling length of each layer in order to facilitate the goal
of miniaturization and integration. The specific calculation method is to set the coupling
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length of each layer to be long enough and then scan the length of one of them successively
to obtain the relationship between coupling length and coupling loss. As shown in Figure 6,
we calculate and analyze all RL, and we can find that the trends of the curves are similar.
As the coupling length increases, the coupling efficiency gradually increases from a large
fluctuation at the beginning to a stable level. In accordance with the target of integration
and low-loss and broadband traits, we set the coupling length of each layer as L1 = 100 µm,
L2 = 200 µm, L3 = 200 µm, L4 = 400 µm, L5 = 450 µm, and L6 = 100 µm, respectively, as
shown by the red star in Figure 6 and Group I of Table 2.
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Table 2. The length of each layer of the SSC for different groups.

Parameters L1 (µm) L2 (µm) L3 (µm) L4 (µm) L5 (µm) L6 (µm) Ltotal (µm)

Group I
(Chosen group) 100 200 200 400 450 100 1450

Group II
(Comparison group) 60 120 160 200 200 200 60

Group III
(Comparison group) 100 280 300 500 600 120 1900

It is worth noting that the coupling length here is not the value to obtain the highest
coupling efficiency but a compromise value after comprehensive consideration. If further
efficiency improvements or smaller devices are desired, we can extend or shorten the length.
As shown in Figure 7, we additionally select two groups of parameters, denoted as Group
II and III. Then, we calculate their coupling performance and compare them with Group I.
The specific lengths of Group II and III are shown in Table 2. From Figure 7, we can find
that although Group III with a longer length can lead to coupling efficiency improvement,
the improvement is very small, and the overall performance is very close to that of Group
I. Therefore, the advantage of longer lengths is not considerable or cost-effective. For the
shorter length, Group II, its coupling efficiency has a significant decrease and fluctuation
compared to that of the other two groups, which is not in line with our target. However, if
the target loss is 3 dB, Group II or even a shorter coupling length would be acceptable.
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In short, for the height and length, we choose Group A and Group I, respectively. The
performances of this proposed coupler are shown in Figure 8. It shows that TE polarized
light can achieve a coupling loss of less than 2 dB/facet in the wavelength range from
845 nm to 2000 nm. Specifically, the coupling loss of 0.62 dB, 0.38 dB, and 0.47 dB per
facet can be achieved in the three common communication bands at 845 nm, 1310 nm, and
1550 nm. Moreover, it shows an 800 nm wide coupling window in the 1200–2000 nm range
with a 1 dB coupling loss. For TM polarized light, the coupling efficiency is decreased
compared to that of TE polarized light, especially in the region of shorter wavelengths.
This decrease is because the present parameters are mainly designed for TE polarized light,
and the shorter wavelengths are more sensitive to the structure’s geometry. There may be a
greater scattering loss for TM polarized light in the longitudinal direction. This problem
can be solved by further optimization of the structure. Although the coupling performance
of TM polarized light is not as good as that of TE polarized light, it still has high coupling
performance in the working range, such as the coupling loss of 0.77 dB and 0.38 dB per
facet at 1310 nm and 1550 nm, respectively. In addition, we compare the proposed coupler
with other reported edge couplers based on TFLN in Table 3. We can observe that the
proposed coupler is comparable to the state-of-the-art coupler in efficiency and has the
advantage of large coupling bandwidth and wafer-scale fabrication.
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Table 3. Comparison of the proposed edge coupler and other reported edge couplers.

Structure Coupling Loss for TE
(dB/Facet)

Coupling Loss for TM
(dB/Facet)

Coupling
Bandwidth
for TE (nm)

Wafer-Scale
Fabrication

Simulation Experiment Simulation Experiment
Bilayer [39] 0.5 @ 1550 nm a 1.7 @ 1550 nm a - - - No

Bilayer [41] 0.07 @ 1550 nm a 0.54 @ 1550 nm 0.06 @ 1550 nm a 0.59 @ 1550 nm 100 nm
(CL < 1 dB/facet) c No

Bilayer [42] 0.1 @ 1550 nm a 0.5 @ 1550 nm a - - 35 nm
(CL< 1.7 dB/facet) a,c No

Tri-layers [44] 1.0 @ 775 nm
0.5 @ 1550 nm

3.0 @ 775 nm
1.0 @ 1550 nm

7.0 @ 775 nm
3.0 @ 1550 nm - - No

Multi-
Layers [47] 1.6 @ 1550 nm b - - - 120 nm

(CL < 2 dB/facet) a,b Yes

Multi-
Layers

(This work)

0.62 @ 845 nm b

0.47 @ 1550 nm b - 0.38 @ 1550 nm b - 800 nm
(CL < 1 dB/facet) b Yes

a The value of the wavelength or bandwidth was estimated from an article. b The value is a simulation result.
c The value is an experimental result. The abbreviation of “CL” means coupling loss.

Finally, we analyze the fabrication tolerance of this proposed coupler. Since the
proposed coupler has a multilayer structure, multiple alignment exposures and etchings
are required for the practical fabrication, which may introduce misalignment deviation and
etching depth deviation. In addition, the sidewall angle of the SSC and waveguide may also
deviate. Thus, we simulate the coupling loss for all RL with ±5◦ sidewall angle deviation,
±200 nm alignment deviation, and ±10 nm etching depth deviation, as shown in Figure 9.
We can find that the deviation of the sidewall angle has a small effect on the proposed edge
coupler, and the additional coupling loss caused by ±5◦ deviation is no more than 0.2 dB.
The impact of misalignment and etching depth on the coupler is mainly found at short
wavelengths, such as 845 nm and 1064 nm. This tendency is because short wavelengths are
more sensitive to the coupler geometry than long wavelengths. This problem can be solved
by further optimization of the coupler structure, such as adjusting the width and height of
the SSC. At other wavelengths, the impact of the misalignment on the coupling loss is no
more than 0.4 dB. Therefore, the proposed coupler has high fabrication robustness.
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4. Conclusions

In this paper, we theoretically propose an edge coupler consisting of a six-layer SSC
and an SU8 CWG, with strong robustness. Due to the multilayer design and optimization,
the proposed coupler is low-loss and ultrabroadband. For TE polarized light, an ultrawide
coupling window from 845 nm to 2000 nm with a coupling loss lower than 2 dB/facet can
be achieved. Specifically, the coupler can achieve a low coupling loss of 0.62 dB, 0.38 dB,
and 0.47 dB per facet at three common communication bands, 845 nm, 1310 nm, and
1550 nm, respectively. Compared to current LN edge couplers, the proposed coupler can
be fabricated by an i-line ultraviolet lithography technique, which is cost-effective and
adaptable to wafer-scale fabrication. In the future, the proposed coupler can be further
simplified by optimizing the SSC profile, such as using parabolic and exponential shapes
or introducing subwavelength gratings.

In short, our proposed coupler provides a novel solution for TFLN photonic devices
connecting with optical fibers and shows great promise for practical applications based
on TFLN, such as frequency converters that involve photons with a significant frequency
difference and wafer-scale multifunctional integrated LN devices.
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