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Efficient coupling of micro/nano-optical waveguides with single-mode fibers is the premise for the
efficient operation of the integrated photonic chip, which directly determines its optical perfor-
mance. In this paper, the design principles of periodically segmented waveguide (PSW) structure
used for high-efficiency fiber-chip coupling are proposed, and the effects of refractive index dif-
ference 4 on coupling efficiency and structural parameters are studied by simulation. It is found
that as the 4 of the PSW increases, the period of the PSW tends to be smaller, and the coupling
efficiency decreases continuously, reduced by around 0.673 dB in the range of 4 = 3% to 4 = 7%.
Through the analysis of PSW optical mechanisms, it demonstrates that the main reason for the de-
crease of coupling efficiency is that the transmission loss of the tapered section increases sharply
with the increase of 4. High-4 PSW is difficult to apply to highly integrated silica optical chips
due to the unignorably insertion loss.
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1. Introduction

Through integrating waveguides [1, 2], resonators [3, 4], arrayed waveguide grating [5]
and other optical processing components on the micro/nano-scale, the integrated
photonic chip can realize low-power and small-size on-chip optical function integra-
tion. However, because of the small-size characteristics of the waveguide that connects
with the optical components to achieve cooperative operation, the large dimensional
difference between the fiber mode [6] and the waveguide mode [7, 8] makes their cou-
pling difficult, and the inefficient signal transmission between the fiber and the chip
becomes a key problem which restricts the performance of the integrated photonic chip.
To match the fiber mode with the waveguide mode, a mode conversion structure is usu-
ally required in the chip space. These structures are usually simple in form, but each
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has its own manufacturing process, size and coupling efficiency limitations. As a typ-
ical mode converter, a tapered waveguide [9] is commonly used in such structures.
When the waveguide approaches the fiber end in the chip space, since the width of the
cross -section gradually decreases, the mode in the tapered waveguide gradually ex-
pands in the transmission direction, eventually the optical field forms a spot whose
mode size and mode effective index match the fiber mode. For example, the strategy
that adds a polymer [10—12] waveguide over the tapered waveguide was proposed to
limit the overexpansion of the waveguide mode. The presence of the polymer to some
extent reduces the coupling loss, but the coupler is easily damaged because of its weak
physical strength. A three-dimensional tapered waveguide structure on a photonic
crystal [13, 14] was proposed by BARCLAY et al. [15], which realizes an almost adia-
batic transmission from the fiber to a photonic crystal waveguide. However, the gray-
scale lithography [16] used in this design is not a standard technology in the industry,
which makes integrating the design into chips difficult and complicated.

The proposed periodic segmented waveguide (PSW) mode converter [17, 18] scheme
can complete the mode conversion without using an additional process. Unlike the ta-
pered waveguide structure, PSW changes the effective refractive index along the wave-
guide direction by duty cycle modulation instead of width modulation, and the effective
index of waveguide mode near the fiber end is close to the fiber mode effective index.
The solution has been proven to be able to convert waveguide modes with high effi-
ciency. In general, a well-designed PSW structure can realize about 1 dB coupling ef-
ficiency. This is far better than the case using a surface grating coupler, e.g. the coupling
efficiency of the grating coupler [19] structure achieved by optimizing the buffer layer
is —2.3 dB, and the coupling efficiency of the coupler [20] using a triangle array of
circular holes, apodization and optimal buffer thickness is only —1.74 dB. Some litera-
tures have studied this technology, and basically use large numerical aperture or lens fiber
to couple with the segmented waveguide, and the efficiency is relatively high. How-
ever, there have been few reports of direct coupling using standard single-mode fibers.
The reports about the influence of refractive index difference 4 on the PSW’s coupling
efficiency and parameter characteristics are also relatively few. Here the 4 is defined by
core refractive index n,. and cladding refractive index 7,4, i.e. 4 = (N 10 — Mejaq) Meore-
For an integrated photonics system of fixed materials, high-4 waveguides can improve
the integration of the chip. However, the increase of the 4 makes the single-mode cross
-section of the waveguide smaller, and the characteristics of the mode change. At the
same time, the geometric parameters and coupling efficiency of the PSW designed for
this waveguide will also alter. For some performance parameters, it may have been re-
duced to a very low level where the device is unusable.

The purpose of this paper is to consider these problems. The specific design process
of PSW structure is presented, and the effects of 4 on the performance parameters such
as segment loss and coupling loss are analyzed. The limitations of the high-4 PSW struc-
tural manufacturing process are also explored. This paper uses the finite difference
beam propagation method (FD-BPM [21, 22]) to carry out this process and agrees that
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the fiber used in this paper is a standard single-mode silica fiber with a refractive index
difference 4 =0.36% and a core diameter of 8.2 um. The FD-BPM uses finite difference
methods to solve the parabolic or paraxial approximation of the well-known Helmholtz
equation, which is suitable for light field transmission problems with a small or zero
propagation angle.

2. Design principles and rules

The PSW structure can be roughly represented in Fig. 1. The original continuous straight
waveguide is divided into a number of segments by etching, and each segment is fol-
lowed by a part filled with the substrate material to form a period. In the part close to
the fiber end, the period and the duty cycle did not change along the z-axis (the z-axis
is shown in Fig. 1), which means that the average refractive index of the segmented
waveguide facing the fiber end remains the same, this section is called I/O section.
Away from the fiber end, the average refractive index changes to guide the lateral thin-
ning of the mode, and the duty cycle of each period of this section stepwise changes along
the z-axis. This part is referred to as a tapered section due to the presence of a duty
cycle taper. They can be fabricated based on the same single-step lithography technique
[23-27], but follow different design rules. In the I/O section, the fiber mode evolves
into I/O fundamental mode over a certain distance. By properly distributing the duty
cycle, the effective refractive index of the I/O fundamental mode can be close to the
effective refractive index of the fiber mode to achieve mode matching. In the tapered
section, the segmented waveguide may vary in width. If there is no width change, the
performance of the taper is a linear or nonlinear change of the duty cycle along the
propagation path.
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Fig. 1. General structure of PSW. (a) 3D side view of the PSW structure; (b) the in-plane views of the
PSW structure; (¢) material diagram of waveguide section, where n.,., > 1,4, and the core material is
Si0, doped with small amount GeO,.
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2.1. I/O section

The optimal duty cycle #;,, of the I/O section with a certain width must first be determined
to minimize the mode mismatch between the I/O section and the fiber. The process
can be carried out in an equivalent manner. The 1/O section can be regarded as a con-
tinuous waveguide with a smaller refractive index and equivalent refractive index con-
trast An' = 5;,, An. Its mode overlap with the fiber can measure the mismatch loss. To
calculate the overlap integral between the I/O fundamental mode and the fiber mode,
the following formula [28] is used:
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Since the waveguide is segmented, the periodic focusing and diffraction of the field
in the I/O section makes the transmission non-lossless. The segmentation loss makes
the power of the I/O sectional mode exponentially decline along the path. And it can
be characterized by the attenuation coefficient associated with the path z, calculated
by P,,/P;, =1 —a;,,L;, Where P, is the optical power entering the I/O section, P;,
is the optical power output from the I/O section, L;,, is the length of the I/O section,
a, 1s the attenuation coefficient. Fiber mode can usually be converted to I/O funda-
mental mode in several I/O cycles, which means that the I/O section is usually short
and the a;,, has little effect on the design of 1/0 section.

2.2. Tapered section

In the tapered section, the duty cycle and the width in each period can affect the size of
the waveguide mode in the period. Compared with the case without the width taper, the
existence of the width is equivalent to the enhancement of the refractive index difference
in the corresponding period, it disturbs the refractive index of the period. The disturbance
can be simply considered as the original refractive index multiply by a factor W;/W,,
W; is the width of the i-th periodic waveguide segment of the tapered section, W, is
the width of the output waveguide. Therefore, the refractive index difference of the
i-th period of the tapered section can be determined by An'=n;AnW,/W, . Actually,
An' determines the average refractive index of the waveguide during the period. We
make An' changing linearly to guide mode varying. For the width taper, it is simply
set to be linear, as described in the following equations:
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where 7; is the duty cycle of the i-th period, 4, is the period of the tapered section, L, is
the total length of the tapered section. This setting means that the change in duty cycle
is no longer linear along the direction of transmission when W, # W, ;. The duty cycle
is gradually reduced from 1 at the waveguide end to the value of the I/O section, which
ensures that the waveguide mode size continues to increase along the path toward the
fiber. The presence of the width taper somewhat weakens the duty cycle modification
of the mode size, slowing the rate of change of the duty cycle along the transmission
direction.

3. Results and discussion
3.1. Mismatch loss

The simulation process is performed on the silica strip waveguide as shown in Fig. 1c.
Silica has good dispersion performance and has an almost constant refractive index of
about 1.444 at A= 1550 nm. The PSW structure for such waveguides is optimized using
the above design rules. For a typical waveguide which 4 =2.5%, the single-mode cross
-sectional dimension is 3.5 um X% 3.5 um and its Gaussian-like mode field is tightly
confined in the waveguide region. When segmenting the waveguide, the optical field
starts to delocalize, the effective refractive index determined by width and duty cycle
changes, which makes the mismatch loss vary. The I/O section mismatch loss of the
PSW structure is shown in Fig. 2. There exists a duty cycle that minimizes the mismatch
loss. As larger I/O section widths were used, the optimal duty cycle tends to a smaller
value, and the overlap decreases at a smaller rate as the duty cycle increases. By using
a 6 um I/O section width and segmenting the waveguide into #;,, = 0.18, the mismatch
loss can be reduced to 0.069 dB. In this process, the I/O section has only lateral width
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Fig. 2. Mode-overlap integral at the I/O section, as a function of duty cycle, with the width as a parameter,
4=2.5%.
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Fig. 3. Single-mode size and optimal overlap integral as a function of 4.

changes. The PSW structure described here has no longitudinal dimension change, and
its depth is always the same as the waveguide single mode longitudinal dimension.
The optimal mode overlap value of the PSW structure under different 4 can be ob-
tained in the same manner, and the optimal duty cycle corresponding to the optimal
Value is recorded. This process is carried out at a fixed wavelength 4 = 1550 nm and
A;/, = 4, the results are drawn in Fig. 3. From the figure, it is found that as 4 increases,
the single-mode size, i.e. waveguide size decreases, the optimal mode overlap value
decreases, and the process is nearly linear. Considering the influence of the I/O section
width, the case (Wi, = 6 um) calculated in this paper finds that the existence of the
I/0 section width reduces the mismatch loss of the I/O section and needs a smaller duty
cycle, which is consistent with the conclusion in Fig. 2. Larger width is also available,
but it is necessary to pay attention to avoid the loss caused by multimode waveguide.
Under different widths, the mismatch loss is less affected by 4, and the mismatch loss
increases by only about 0.093 dB in the range of 4 =3% to 4 = 10%.

3.2. Segmentation loss

The segmentation loss can be reduced by assigning the I/O section period 4/, to an
optimal value. Figure 4 shows the variation of a;,, with the I/O section period. It can
be seen from the figure that the segmentation loss keeps relatively low when using
small 4;,,, corresponding to a smaller a;,,. When PSW uses larger I/O section width, the
segmentation loss behaves better overall on all periods. There exists an optimum ;,,
in each width case. Considering that the length of the I/O section can be short, it is
reasonable to take a certain range around the optimal value.

Figure 5 depicts the optimal a;,, at different 4. Two typical cases are considered
in the simulation, the I/O section width is the same as the width of output waveguide
and the I/O section width is close to the fiber core size (the width is 6 pm). As a result,
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Fig. 4. The attenuation coefficient varies with the I/O section period for different cross-section dimen-
sions, 4 = 2.5%, 1;,, is the optimal value for the corresponding width.
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Fig. 5. Optimal attenuation coefficient at different 4, using the optimal duty cycle and period for the cor-
responding situation.

it was found that the a;, fluctuating rises with the increase of 4, and it increases sharply
after 5.5%. The case of the width taper is better at high 4 and has a lower a;,,. When
the value of 4 is low, existing the width taper or not has little influences on the seg-
ment loss. After 4 = 5.5%, the segmentation loss has been very significant, even if
a short I/O section length is used, such as a length of 100 pm, the segmentation loss
is more than about 0.22 dB. This means that when the PSW uses a longer structure for
the slower transition of the field mode size, its significant segmentation loss will be
unavoidable.
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3.3. Transmission efficiency in the tapered section

For the tapered section, the parameters affecting its transmission efficiency are mainly
the length and the period. Figure 6 shows the transmission efficiency of the tapered
section as a function of period for different 4, it does not use a width taper and the
value is converted to dB by 1010g( fi;ansmission)- At different 4, the initial duty cycle of
the tapered section is the optimal value for the corresponding I/O section. As the figure
shown, for a fixed 4, the transmission efficiency fluctuating declines as the period in-
creases. For a large refractive index difference, the period of the curve fluctuation is
smaller and the transmission efficiency declines more rapidly. For 4 = 6%, the trans-
mission efficiency is abruptly reduced to close to 0 in a period of 10 pm. When using
a smaller period close to 4, = 1 pm, the transmission efficiency under different 4 can
reach more than 1 dB. Simultaneously, it can be seen from the figure that the trans-
mission efficiency of the fixed-length tapered section decreases as the refractive index
difference increases. For the case of 4 = 5%, the transmission efficiency of the tapered
section has been reduced to about 80%. And the corresponding tapered section period
under the optimal transmission efficiency tends to decrease as 4 increases, the curve
which changes around the optimal transmission efficiency also gradually changes from
flat to steep. This means that the well-designed high-4 PSW taper section not only has
a higher transmission loss but also has higher requirements for lithography precision
used in manufacturing, and the loss due to process error is also greater.

Length is a primary factor in determining tapering loss. To evaluate this effect, the
taper transmission efficiency was calculated, for 4, =1 pm, W, , = 6 um. Due to the
presence of the width taper, the duty cycle of the segment in the tapered section grad-
ually decreases from the fiber end to the waveguide end and sets by Eq. (3). The results
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Fig. 6. Transmission efficiency of the tapered section as a function of the taper period, with the 4 as a pa-
rameter. The length of the tapered section is 500 um, W,,, = 6 um.
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Fig. 7. Transmission efficiency of the tapered section, as a function of the length of the tapered section,
with 4 as a parameter, 4, = 1 um, W, = 6 pm.

of Fig. 7 show that when the length of the tapered section gradually increases, on the
one hand, the stepped average refractive index changes more slowly, the mode transi-
tion loss during each period gradually decreases, and on the other hand, the number
of segments increases for the same period, segmentation loss continues to increase.
These two mechanisms determine the optimal value of the tapered length. When 4 is
gradually increased, the influence of the segmentation loss gradually prevails, resulting
in that the optimal taper length shifts to the left, and the transmission efficiency is at-
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Fig. 8. Transmission efficiency of the tapered section as a function of the length of the tapered section,
with the tapered period as a parameter, 4 = 2.5%, W;,, = 6 um.
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tenuated faster with the increase of the length. The optimal values of the taper length
are different under different taper periods, but the rule that transmission efficiency in-
creases first and then decreases with the increase of the taper length remains, which
can be proved by Fig. 8. Compared to Fig. 7, because of the using of a relatively small
refractive index difference, the transmission loss shown in Fig. 8 is smaller.

The PSW structure with perfect design parameters can achieve high efficiency cou-
pling between the fiber and the waveguide. Figure 9 shows that the PSW structure de-
signed for 4 = 2.5% waveguide can achieve an over 90% efficient coupling. The same
efficiency can also be obtained by using traditional tapered waveguide, but a fairly long
transition structure is required, especially when 4 is high. As 4 increases, the total loss
of the PSW becomes stronger, and the insertion loss will achieve 0.9 dB at 4 = 6%.
Although PSW used perfect parameters, the coupling efficiency reduces around
0.673 dB from 4 = 3% to 4 = 7%. In the design of the PSW structure, when trying to
increase the device integration by increasing 4, on the one hand, the mismatch loss,
segmentation loss, and taper loss of the PSW structure increase with the increase of 4,
resulting in a decrease in coupling efficiency. Among them, the mismatch loss con-
tributes less to this process, the segmentation loss has a greater influence and indirectly
increases the loss of the tapered section. On the other hand, the optimal duty cycle,
period and other design parameters of the PSW structure tends to be a smaller value
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Fig. 9. PSW structure output optical power fraction relative to input power, the value is calculated in a rec-
tangular area, the same size as the output waveguide mode, W;,, = 3.5 um, #;,, = 0.23, L;,, = 300 um,
A,=55pm, L, =700 um, 4 =2.5%.
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following the 4 increasing, which causes manufacturing difficulties and large process
errors, making the structure difficult to integrate in high-4 silica chips.

4. Conclusion

In this paper, the design rules of PSW structure are proposed. The influence of refrac-
tive index difference 4 on PSW coupler is studied by simulation. It is found that the
well-designed PSW coupler can achieve highly efficient coupling between the fiber
and the waveguide. However, as the system 4 increases, the coupling efficiency de-
creases. When the A4 increases to 6%, the insertion loss has exceeded 0.9 dB. In the
simulation, it is found that the loss mainly occurs in the tapered section. When the 4 is
small, the loss is extremely low. As the 4 increases, the transmission efficiency of the
tapered section decreases sharply. The taper loss is the main section of the high-4
PSW structure’s loss. The analysis of the parameters such as the period, length and the
transmission efficiency of the PSW structure shows that the increased manufacturing
precision and the decreased coupling efficiency are the main reasons why the high-4
silica chips are difficult to use the PSW technology. For the design of high-4 fiber-
chip couplers, the PSW structure with a small period and short tapered section is sug-
gested. In this paper, the width change of the tapered section is assumed to be linear,
the use of non-linearity such as exponential or quadratic functional width changes may
be effective in reducing coupling loss, which requires further simulation to determine.
In addition, with the progress of lithography technology, new methods such as subwave-
length or multilayer structure are expected to solve high-4 fiber-chip coupling problems.
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