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Abstract

®

CrossMark

In this work we design, fabricate and characterize a 1 x 2 Y-branch power splitter based on
simplified coherent coupling. This device was constructed by type II waveguide structures
inscribed by a direct femtosecond laser writing technique in x-cut lithium niobate crystal.

First of all, a theoretical study that links the kinematic and writing fluence of the process is
developed, which allows us to establish the design trade-off and justify the best geometry
chosen. Then, the design was optimized and tested by using commercial software, resulting in a
compact and low-loss photonic circuit. The efficiency of the proposed device is compared with
two others: a curved and a straight splitter. Finally, the experimental results were compared
with simulations and then a statistical analysis of multiple comparisons was also conducted,
obtaining 3.7 dB £ 0.1 dB insertion losses and 4.5% of the unbalanced coupling ratio.

Keywords: femtosecond laser writing, lithium niobate, coherent coupling

(Some figures may appear in colour only in the online journal)

1. Introduction

Currently, photonic devices are used in many applications.
In particular, we would like to stress the great importance
they have in optical and quantum communications, among
other applications [1-3]. There are different manufacturing
techniques [4, 5]; however, direct writing with femtosecond
micromachining has some attributes that stand out from the
rest. In this sense, the main advantages of the method are:
the practicality of building three-dimensional devices, the
rapidity with which prototypes are obtained and the variety
of materials that can be used [6, 7]. The direct writing of
waveguides lies in a localized modification of the refractive
index of a dielectric. This is achieved by focusing a femto-
second laser pulse with sufficient energy below the sample
surface. The optical waveguides fabricated with femto-
second laser micromachining are classified according to

1361-6439/18/055011+8$33.00

refractive index changes induced in the irradiated regions.
The best known are Type I (the index increased in the irradi-
ated region) and Type II (index decreased near the exposed
region). In this work, type II waveguides are used because
they have a better performance—as the light-guided area
usually preserves the material properties—and, above all,
are more stable from the thermal point of view. Usually,
these configurations are two parallel tracks with a suitable
separation and the structure ‘double-line’ forms the limits
of the nucleus where the light is confined. This tight modi-
fication, combined with a translation of the material, makes
it possible to manufacture waveguides with complex geom-
etries, by using a motorized movement station controlled by
a computer. From a kinematic perspective, the quality of the
inscribed waveguides depends on the mechanical precision
and uncertainties associated with the control of the micro-
machining station.

© 2018 IOP Publishing Ltd  Printed in the UK
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Figure 1. Kinematic profile of a motorized motion station.

Although there is not yet a physical model that fully
describes this process, many authors have already reported
the influence of each of the process parameters (pulse dura-
tion, energy, focus characteristics, repetition frequency and
velocity) on waveguides’ characteristics in different materials
[7, 8]. The width and energy of the pulse are parameters that
determine the morphology of the interaction; they depend
heavily on the material and type of waveguide. The focus
influences the size and geometry of the writing spot and also
relates to the distance from the surface and the type of micro-
scope objective. The pulse repetition frequency and scan
velocity are parameters of great incidence in writing quality.
This is linked especially to the nonlinear absorption regime,
thermal transfer to lattice, and process energy relaxation [9].

From another perspective, movement dynamics depends on
the type of motor driver. In general, there are different types of
micromachining stations. Today, the equipment uses a speed
profile achieving soft, rapid and precise movements. However,
the trajectories depend on the motor driver model: the most
cheap and ordinary allow synchronized movements point to
point; while the more advanced system can follow a path that
may not be linear or differentiable [10, 11]. Movements that
transit through several points are known as interpolation. It is
a parameter that could significantly influence writing process
dynamics [12—14]. For this reason, it is important to associate
the limitations of the motorized movement station with optical
losses for the devices.

In this work we design and characterize a 1 x 2 Y-branch
power splitter in x-cut LiNbO3 with a femtosecond direct
writing technique. After an analysis of the kinematic and flu-
ency of the process, a geometry with simplified coherently
coupled multi-sectional bends is fabricated [15]. The per-
formance of this device is compared with two other typical
splitters (curved and straight). A comparison of the simulated
and experimental results is presented.

2. Materials and procedures

In this paper, we study three power splitters fabricated with a
direct writing technique in x-cut LiNbO3 crystals, based on

type II waveguides written by a chirped pulse amplification
system (CPA) at 800nm on a Ti:sapphire ultrafast laser. The
pulse duration is 150 fs with 1kHz repetition rate and a pulse
energy of 0.7 uJ. A 20 x (N.A. = 0.4) microscope objective
is used to focus the laser at 200 pm below the crystal sur-
face. A Newport micrometer motorized station system with an
accuracy of about £275nm is used. The station is composed
of three SMC100CC controllers for the three servo motors,
two horizontal UTS50CC and one vertical UZS80CC. The
trajectory is constructed from a development application that
allows one to execute three-dimensional geometries previ-
ously programmed in files with the coordinates to interpolate.
This micromachining station only allows synchronized move-
ments with an S-gamma velocity kinematic profile (see the
details in figure 1) [16]. Interpolation latency is the minimum
time that the system takes from one end point to the next, and
this value is between 50 to 100 ms.

Numerical simulations are performed using the beam prop-
agation method (BPM), which uses paraxial approximations
of the Helmholtz equation assuming that the envelope ampl-
itude of the electromagnetic field varies smoothly in the
direction of propagation. For this, a commercial RSoft calcul-
ation software is used, in particular the BeamProp tool, which
uses the finite element method of Crank—Nicholson [1, 17]. In
the simulations we have used a refractive index profile previ-
ously reported, this describes the morphology of the type II
waveguides inscribed in LiNbO3 [18].

The direct light coupling technique or ‘end-fire’ method
is used for the measurements of optics performed by the
splitters. The spatial intensity distribution of the modes is
measured with a Newport LBP2 beam analyzer by placing
a microscope objective at the output of the device. The light
source used in the experiment was a 980 nm laser diode with
20 mW optical power.

3. Theoretical framework

3.1. Kinematic analysis

The motorized movement station uncertainties and limita-
tions can affect the quality of the fabricated device, so before
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Figure 2. Schematic of displacement and discretization incident pulses for each 7 period.
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Figure 3. Temporal scheme of incident pulses. Each 7 period is evaluated at xj. In the southeast sector we show the ‘effective pulses
number per spot’. In the northeast sector we show how the intersection area is calculated.

designing an optical circuit, certain characteristics of the
motor driver must be known. In general terms, there are three
parameters to take into account: uncertainty in position, move-
ment types allowed and kinematic profile. Figure 1 shows the
kinematic response of the system to an interpolation between
X, X; and X points. Function x(¢) and v() are temporal vari-
ations of position and velocity, respectively. The configuration
parameters are determined by spatial coordinate X speed V
acceleration A and jerk time t;. As shown in figure 1, three
time intervals are defined according to velocity behavior:
tap is the time interval where the velocity derivative is non-
zero, that is, when the system is accelerating or breaking; fcy
system moves at constant speed; and 7 is the interpolation
latency time.

These process parameters must be constant in order to
achieve a good quality in writing, i.e. the pulse duration and
energy, focus characteristic, repetition rate and scan velocity
should be the same at all times [9]. Analyzing this, it can be
observed that the motor driver used in this work imposes a
dynamic limitation on displacement because the microma-
chining station does not allow us to interpolate at constant
speed. The acceleration and braking time can be minimized by
increasing the acceleration constant, however, the maximum
value is limited by the jerk time (tj, a parameter that is left
fixed according to the manufacturer’s recommended configu-
ration so as not to damage the mechanical system) and the
speed configuration parameter. In this way, the best kinematic
configuration of the micro-machining station is A = V/t;,
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Figure 4. Simulated energy dynamics of the process for different displacement and velocity range. (a) Average writing fluence, (b) relative

error writing fluence.

where the only variable to be configured is the velocity V. In
this sense, there is a trade-off between the amount of inter-
polation points and the scan velocity. To further examine this
aspect, the relationship between the displacement kinematic
and energy deposited by the surface unit (writing fluence) is
analyzed below.

3.2. Fluence analysis

From the kinematic point of view, the direct writing technique
is based on the combination of a spatial displacement and
pulses emitted at each period 7 = 1/f, where f is the repeti-
tion rate, obtaining an incident pulse sequence separated by a
distance that will depend on the kinematic. Since pulse tem-
poral width is extremely small compared with displacement,
each pulse can be represented as a spot in the trajectories
space. In this sense, figure 2 shows a scheme that describes
this behavior between Xy to X;. As can be seen, the pulses
in the 7¢y interval are equidistant while 74 follows a cubic
relationship, since the acceleration has a trapezoidal profile
[10, 11]. The coordinates of each pulse are obtained from the
discretization of x(¢) in x[n]:

x[n] = x(k7),Vk € N: k= {0,1,2,3,...,K}. (D

However, neglecting the lens aberrations and nonlinear
propagation effects in the dielectric, the spot has an area that
depends on the focus characteristics. The intensities spatial
profile can be approximated by a paraxial equation wave
and Gaussian optics. The spot is located at the focus of the
lens, with w, radius being minimal and limited by diffraction,
known as the Gaussian beam waist [1]. Although it is known
that the beam has an intensities Gaussian spatial distribution,

for the practical purposes of this study it is valid to assume a
constant distribution of energy E, since we want to describe
the behavior of fluence in a macroscopic way. Alternatively,
it is possible to consider a spatially filtered region of the
Gaussian beam where the intensity distribution can be consid-
ered to be almost constant.

At low frequency rates (<100kHz) the changes gener-
ated by each pulse are independent of the following pulse,
so that the thermal diffusion effects are negligible and there-
fore the waveguide is formed by the pulses’ superposition
in one spot (see figure 3) [9]. As the separation between two
adjacent pulses depends on speed, it is observed that each
interpolation point of the motorized motion station imposes
a variation in superposition pulse rates. To quantify this
behavior a factor called the ‘effective pulses number per
spot’ is used:

K

2

=

S(Ixj — x[n]])

N(x;.xln]) = —

@)

where Xjis a trajectory coordinate to evaluate and S(|x; — x[n]|)
is an intersection area of two disks of the radius w, located at
a distance [xj — x[n]|:

S(d) = w; [0(d) — sin (0(d))] ©)

where 6(d)is the angle formed between the intersection points
of two circumferences and the distance d between centers:

6(d) = 2 arccos <2|i|) NVdeR:|d <2w,  (4)

Figure 3 shows a diagram of equation (2) for different
times and equation (1) for different positions. Furthermore,



J. Micromech. Microeng. 28 (2018) 055011

R Peyton et al

INPUT
LIGTH

(pEFF (b)
20pm
: = Xorr
Perr (C)
1mm Lorr 1mm

Figure 5. Dimensions of power splitters used. (a) CCS splitter,
(b) curved splitter, (c) straight splitter.

on the right side, using parameters to calculate, the intersec-
tion area of equations (3) and (4) are displayed.
The writing fluence is defined as the energy radiated in

space trajectories per spot area, expressed in J- cm ™2

E
F(xj) = s N(xj.x[n]) Q)
where E/mw? is the fluence of one pulse. Equation (5) shows
that F(x;) is proportional to the ‘effective pulses number
per spot’, and therefore writing fluence is a parameter that
depends directly on the kinematics of the writing process.

In addition, figure 4(a) show the average of writing fluence
(F) between Xy and Xy, where 30 um < |[Xp — Xq| < 5 cm
for three different speeds (50, 100 and 150 um - s~1), and for
jerk time 0.04 s. The acceleration is 1250, 2500 and 3750 pum
- 872, respectively. The writing parameters are: pulse energy
(0.7 pJ), spot waist (1.6 pm) and period (1ms). This plot
shows that F is inversely proportional to [Xg — X;| and for
[V|. Also, figure 4(b) shows the relative error of the writing
fluence (o /F); this decreases with distance and increases with
scan velocity.

In conclusion, to minimize error or variability of the
writing fluence it is necessary to increase the distance
between the interpolation points. How does this condi-
tion affect the design of optical devices? Let us look at an
example. A Y-branch power splitter is common to use with
curved geometries, which may be based on sinusoidal,
polynomial or circular curves. It can seen above that these
paths could only be approximated by small adjacent straight
sections with the motorized movement station used in this
work. Therefore, shorter distances will be a better curve
approach, i.e. minor error in approximation. So this is where
we find a design trade-off: reduce the approximation error by
increasing the amount of interpolation points; or decrease the
error in the writing fluence by increasing the distance of the

0.8°
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g 07 Xorr = 200pm o
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Figure 6. CCS splitter loss calculation. The text-box
shows the dimensions where losses are minimized.
Q:{{0.2° < ¢ <0.8°}N{LI > 200 um} N {L2 > 200pm}}.

straight sections. In the next section, a design that reduces
the amount of interpolation points using simplified coherent
coupling (CCS) is proposed [15].

3.3. Simplified coherent coupling

Coherent coupling is a technique to bend light through small
straight waveguides with sharp bending. Several studies have
already reported deviators and splitters with low-loss, com-
pact and efficient devices, compared with other types of
geometries. In 1974, Taylor [19] showed that curvature loss is
an oscillatory function that depends strongly on section length
L, due to the coupling between guided and radiated modes.
Physically, light decoupled in a curve can be coupled back into
a subsequent curve if the difference between the modes’ phase
(guided and unguided) is an odd multiple of 7. Throughout the
1980s, Jhonson et al [20] showed that optimizing L greatly
reduces curved losses. In 2002, Su and Wang [21] presented
simplified coherent coupling, developed to be even more
compact with smaller geometries and smaller losses than their
predecessors. Innovation was sought to eliminate the phase
variation of the wavefront at each curvature by changing the
angle between each section. From these results, in 2003, Hsu
et al [15] proposed a compact Y-branch power splitter based
on simplified coherent coupling, compact and insensitive to
variations in the wavelength. So, in this paper we will base
our design on reducing the amount of interpolation points and
thus reducing the uncertainty of the writing fluence, being in
consequence, more compact and efficient than those designed
with radial, sinusoidal or polynomial bends.

In figure 5(a) a schematic diagram of a (modification of a
design by Hsu) splitter (CCS) is proposed. This consists of a
straight waveguide input of 1 mm, a branching structure and
two straight waveguide output of 1 mm. The deviation of each
branch is symmetrical and conducted through a sequence of
five straight segments with angles ¢, 3¢, 4¢, 3¢ and ¢, as
shown in figure 5(a). Varying L1 and ¢ optimizes the geometry,
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separation between outputs is fixed at Xopr = 200 pm and
hence the length L2 remains as a function of these parameters.

To characterize device performance, it is compared to
two types of power splitters that have the same bend angle,
but using another geometry. The first is the curved splitter of
figure 5(b), this is a circuit where light deviation is achieved
from two tangent arcs linking inputs and outputs with straight
waveguides. The curves are divided into small straight seg-
ments of 30 um that an increasing relative error in writing
fluence. The second is a straight splitter, the input and output
are connected by a straight waveguide with an angle equal to
effective angle @grr, as shown in figure 5(c). Here the distance
between interpolation points is maximized, which reduce rel-
ative error in the writing fluence. As a result, it is analyzed
with three optical power splitter, each with a different quality:
the curved splitter reduce approximation error by increasing
amount of interpolation points, the straight splitter decrease
error in writing fluence increasing distance of straight sec-
tions, and the CCS splitter is a hybrid of both. Note that, in
the three designs, the connection with the straight waveguide
input and the branches are no-offset type, since them allows
better compare the differences of coupling ratio and light divi-
sion between designs.

4. Results and discussions

The total relative transmitted power of the CCS splitter is cal-
culated with RSoft simulation software. The angle ¢ is varied
from 0.2° to 0.8° and the lengths of the L1 and L2 sections are
greater than 200 pm. Figure 6 shows the simulation result.
The oscillatory behavior of the losses ( Poy/Pin) as a function
of L1 is shown in figure 6 as the model predicts.

The efficiency is optimized with L1 =460um and
¢ = 0.6°. Under this configuration the L2 section is 1468 p
m and the general dimensions of the device Xopr, Lopr and
werr are 200 pum, 3306 pm and 1.73°, respectively. It can be
seen that the central section L2 is much larger than L1, thus
ensuring symmetry of the coherent coupling between input-
output [15]. The device is compact because the losses and
Lorr length are minimized in the northeastern section of the
presented plot.

The simulation results are shown in figure 7. The curved
splitter (dotted line) of figure 5(b) has a curvature radius
R = 27.3 mm, verifying the condition of low loss reported for
these geometries [22]. However, curvature losses are predomi-
nant in the straight splitter (dashed line) [23].

The graph of figure 7 shows the difference between the
propagation (in the shadowed region) and curvature losses
of the devices. Differences are observed between the losses
slopes and where they are occurring: the CCS splitter has a
behavior similar to the straight waveguide; the curved splitter
is separated from those in the outlet section; and the straight
splitter has large losses due to the bending angle, since decou-
pled light at the beginning does not couple again. Moreover
the negative slope of the straight guide after 3.5 mm of a prop-
agation loss constant of 1.44 dB - cm~! is observed.

TOTAL RELATIVE TRANSMISSION

T T T T T
1 11
PROPAGATION
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= 09 =
A h . a
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Figure 7. Total relative transmission along the propagation
direction in the power splitter takes into account the sum of both
branches. In the shadowed region the propagation losses are
highlighted.

Two factors are used to characterize the performance
devices: the total efficiency 7 and splitter efficiency 7piiter-
The total efficiency represents the insertion losses, which is
the ratio between the input and output power, ie 7 = Poyt/Pin.
The splitter efficiency quantifies only losses due to the cur-
vature and the division of light from the device. Then, the
efficiency of the splitter is:

o _1=m
Tlsplitter 11—

where 19 and 7 are the total efficiency of the straight wave-
guide and power splitter, respectively, with the same total
length. In this way, we can calculate losses by bending and
splitting of light and compare the performance between the
three devices, see table 1. There are important differences
between the efficiencies in the 7gpliner factor. For this reason,
the device performance could easily be measured in exper-
imental samples.

For the experiments, five samples of each circuit type
were fabricated, including the straight waveguides. Then,
the propagation modes of the electromagnetic field at the
output were measured by capturing the intensity profile with
a CCD camera. Figure 8 shows the modes corresponding
to a (a) straight guide, (b) CCS splitter, (c) curved splitter
and (d) straight splitter. With the experimental configura-
tions used, and due to the effects of coupling instability,
higher-order modes manifested. It should be noted that in
a straight splitter the bending angle forces the mode TMy,,
as seen in figure 8(d), however it is reduced in CCS splitter,
figure 8(b).

A statistical analysis of data was carried out. Five dif-
ferent measurements of each written circuit were taken,
coupling and decoupling the light input in each case with
the same input power and same conditions. In this way it is
possible to set a randomness in the measurements. In conclu-
sion, 100 measurements were performed, ie 5 measurements
of 5 samples of 4 device types. The mode’s intensity profile

(6)
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Figure 8. Propagation modes in the devices’ output (A = 980 nm to 20 mW). (a) Straight guide, (b) CCS splitter, (c) curved splitter,

(d) straight splitter.
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Table 1. The simulation efficiencies and the average efficiencies
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Figure 9. Box-plot [24] of all the relative power measurements by
device type.

is integrated knowing that this is proportional to the output
power. Figure 9 shows a box-plot [24] where 100 measure-
ments are compared. In this graph, maximum and minimum
values are represented by dotted lines. The bottom and top
of the box are the first and third quartile respectively, and the
band line inside is the median, and then the symmetry of the
data is shown. Further, outliers may be plotted as a summa-
tion symbol. Also, the measurements averages are shown as
scatter squares in figure 9 and table 1 shows the average effi-
ciencies of the measurements. Finally, the insertion losses in
the splitter are: 3.7 dB (CCS divider); 3.8 dB (curved divider);
4.4 dB (straight divider).

With all the experimental data, a Fisher test of multiple
comparison hypotheses or LSD (Least Significant Difference)
was conducted. The results show significant differences with
a 5% error. This means that we can consider that the average
represents values of different populations. Moreover, the CCS
splitter is the device with the greatest efficiencies. Likewise,
the measurements are similar to the values of the simulation
results.

A box-plot of the coupling ratio between both branches
of the splitter is shown in figure 10. This mainly helps us to
visualize the median deviation and power distribution of the
output (how much slide for each measurement to the left and
right output), and for this reason the distribution of the box-
plot is symmetric. A positive correlation between dispersion
and losses is noted. The variations are 4.5%, 10.2% and 28.3%

for the CCS, curved and straight splitter, respectively. The
percentage power distribution is significantly more balanced
in the design based on coherent coupling.

Finally, some interesting behaviour that could be related to
the uncertainties and limitations of the micromachining station
are discussed. From table 1, we can see that the efficiencies
calculated in the simulations are similar to the experimental
results, so we think that the relative error of writing fluence
does not have a relation to the insertion losses. In contrast,
noticeable differences between the coupling balance and sim-
ulation results were observed among the fabricated devices
(see figure 10). This fact can be attributed to spurious effects
in the writing process, such as errors in the displacement or
noise in the modification of the refractive index (mainly due
to fluctuations in the writing energy). The straight splitter
has the most unbalanced coupling ratio and insertion losses,
hence, we think that the spurious effects are related to bending
losses since the disturbances in the splitting zone might be
converted in the radiation modes. The curved and CCS split-
ters behave differently. They have similar insertion losses, but
the unbalanced coupling ratios notably differ amongst them,
so the losses are not enough to explain it all. Figure 4 allows
us to see that each device, depending on the interpolation dis-
tance (horizontal axis), corresponds to a different o /F ratio,
showing consequently different optical performance due to
the writing fluence and kinematic uncertainty. In this way, the
coupling balance can be considered a useful means to under-
stand the role of the relationship between the relative error of
the writing fluence and spurious effects on the direct writing
process.
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Figure 10. Box-plot [24] of the coupling ratio of both branches by splitter type.

5. Conclusions

In this work, we first present a 1 x 2 Y-branch power splitter
in x-cut LiNbO3, based on simplified coherent coupling
and built with direct femtosecond laser writing. The pro-
posed design is compared with two other types of splitters,
showing that the CCS circuit has lower losses. We verified
the results with simulations and experiments. We used a
solid statistical analysis of 100 measurements taken on 25
samples and obtained significant results for 5% of error;
achieved 3.7 dB + 0.1 dB losses in the CCS splitter and
4.5% coupling ratio variation. However, in detail, we explain
the considerations used to design a systematic method that
starts from the uncertainties and limitations of the motor-
ized movement station to determine the trade-off to be taken
into account in the design of a photonic circuit. For this, a
new theoretical framework is developed that links kinematic
and writing fluence of the process and allows us to establish
which is the best geometry. Furthermore, it is shown for the
first time that optimization of a CCS splitter depends not
only on the length of the straight segments, but also on the
bending angle, and even more, it is the first report that uses
this geometry in waveguides with a non-step profile refrac-
tive index. In conclusion, a compact and low-loss 1 x 2
Y-branch power splitter is achieved with a simple and rapid
fabrication technique, resulting in an analysis of the micro-
machining equipment specifications. In future work, we will
link the relationship between the relative error writing flu-
ence and the propagation losses, in order to determine how
this significantly influences the device losses.
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