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Abstract: Tunable add/drop filter based optical interconnects are an integral part of data centers
as well as optical communications. Although add/drop filters based on ring resonators and
waveguide Bragg gratings are well developed, long period waveguide grating (LPWG) based
add/drop filters have little been investigated so far. In this article, we propose an apodized LPWG
assisted co-directional coupler for narrow band add/drop filtering by combining silicon (Si)
waveguide with titanium dioxide (TiO,) waveguide geometry. The proposed structure has been
analyzed by combining the finite element method (FEM) and transfer matrix method (TMM),
showing a good side lobe suppression ratio (SLSR) equal to 25.7 dB and an insertion loss of 0.6
dB. Owing to the high group index difference of Si and TiO, waveguides, a narrow band response
of 1.4 nm has been achieved with 800um long LPWG. The opposite thermo-optic coefficients
of Si and TiO; ensures a good thermal tunability of the central wavelength. Considering a thin
metallic heater of titanium nitride (TiN) the thermal tuning efficiency is found to be 0.07 nm/mW.
Further, two LPWGs have been cascaded to realize a tunable dual channel filter with a minimum
channel spacing of 185 GHz and a channel crosstalk better than 20 dB, showing its potential
application towards dense wavelength division multiplexing.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Silicon based integrated optical waveguide devices have found numerous applications in the field
of optical communications, data centers as well as microwave photonics due to their compatibility
with complementary metal-oxide-semiconductor (CMOS) fabrication techniques as well as large
integration density enabled by high index contrast. Further, the silicon photonic based devices
also benefited from the high positive thermo-optic coefficient (TOC) of silicon which helps
to realize efficient thermal tuning of the on-chip devices [1]. Over the years various silicon
photonic devices have been proposed owing to these beneficial features. Here we focus on a
narrow band add/drop filter, which is the most important element for various integrated photonic
applications such as wavelength division (de) multiplexing (WDM).In order to cope with the
growing demand of high efficiency optical interconnects, several add/drop filters based on arrayed
waveguide gratings (AWGs) [2,3], Mach-Zehnder interferometers (MZIs) [4,5], ring resonators
[6,7], waveguide Bragg gratings (WBGs) [8—10] have been reported in past two decades. Ring
resonators based add/drop filters are one of the most preferred structures due to their compact
footprint, sharp filtering response as well as structural simplicity and scalability. However, their
performance is often limited by the free spectral range (FSR). Although the FSR can be increased
significantly by cascading resonators having different ring radii [11], it makes the structure
complicated.

Another popular photonic structure to realize add/drop filter is WBG, which is free from FSR,
as required in many applications [12]. Since in WBGs the reflected mode propagates towards the
input end, a circulator is required to separate the drop port from the input port. In recent time,
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various CMOS compatible magneto-optic material based circulators have been reported [13—15]
which can be used to separate the reflected mode at the input end. Although it seems promising
and can add new dimension to the silicon photonics, the presence of circulators in WBG geometry
also makes an as otherwise straightforward structure a bit complicated. Therefore, in order
to separate the drop port from the input port, WBG has been realized in four port structure
(input, through, add and drop) such as grating assisted contra-directional coupler [16,17] in
which two highly asymmetrical waveguides are placed in parallel with sidewall gratings and
the reflected spectrum can be received from the drop port. Another major issue with WBG
add/drop filter is the presence of the strong side lobes which increases the cross talks between
two adjacent channels. In order to reduce the side lobes, the gratings are often apodized, which
can be implemented by modifying the corrugation amplitude or by introducing a relative phase
between two sidewall gratings. For example, in Ref. [10] authors have reported an add/drop
filter based on contra-directional coupler with phase apodization having 3-dB bandwidth and
SLSR equal to 1 nm and 18 dB respectively. In another approach, a 3-dB bandwidth of 0.9
nm and a SLSR equal to 19 dB have been reported with single stage filtering [17]. The 3-dB
bandwidth has been reduced further at the expense of an increase in insertion loss by dual stage
filtering. Despite these promising performances such structures often suffer from errors due to
the phase mismatch of two sidewall gratings originating from fabrication imperfections. The
four port operation can also be realized by implementing WBG at the two arms of MZI [18,19].
For example, in Ref. [18] authors have reported an add/drop filter with a 3-dB bandwidth of 4
nm and a SLSR higher than 15 dB [18]. Although this approach is quite promising, mismatch
in reflectivity associated with the gratings as well as phase mismatch between two arms can
create distortion in the transmission spectrum. Alternatively, another promising development
towards on-chip add/drop filterwith WBGs is using sidewall corrugated multimode waveguide
combined with an adiabatic coupler [20-23]. Incorporating WBGs in multimode waveguides, a
3-dB bandwidth of 2.8 nm with SLSR equal to 20.5 dB have been reported in Ref [20]. WBGs in
multimode waveguide provide best fabrication tolerances due to the large waveguide geometry
but create issues like cross-coupling between many modes and requirement of adiabatic coupler
which makes the structure complicated. Another major setback for WBGs is the small size of the
grating teeth (~150 nm), making it difficult to realize an ideal rectangular shape. In addition, in
almost all aforementioned geometries, a careful device design should be implemented to separate
the resonance wavelength associated with inter-mode coupling from the intra-mode coupling.
Co-directional coupler based on long period waveguide grating (LPWG) can be a promising
alternative as the period of the grating is of the order of micrometer and only intermodal coupling
occurs [24,25]. The main hindrance in realizing narrow band on-chip add/drop filters based on
LPWG is the inherent small group index difference (~0.1) of theparticipating modes in silicon
geometry to which the bandwidth is inversely proportional. Therefore, in order to realize a
narrow bandwidth spectrum, a centimeter order of grating length is usually required which not
only is against device compactness but also makes it vulnerable to fabrication imperfections.
It is to note that unlike WBGs, in LPWG-assisted devices the thermal tuning of the central
wavelength depends on the differential thermal dependence of two participating modes. As a
result, both the modes show unidirectional thermal dependence in a Si-Si parallel combination
structure, making it difficult to establish a good thermal tuning efficiency as well. To the best of
our knowledge, the only add/drop filter based on LPWG has been reported in Ref. [26] where an
innovative design including two sidewall corrugated silicon waveguides with a vertically loaded
silicon-nitride waveguide structure provided a narrow bandwidth of 1.16 nm with an 1.1 mm long
LPWG. In this paper, we have combined the silicon waveguide with another CMOS compatible
material as titanium dioxide (TiO,) for the second waveguide in simple parallel configuration to
achieve a narrow band add/drop filter as well as good thermal tunability of the central wavelength.
Recently, the TiO, based waveguide devices have gained much attention due to their high index



Research Article Vol. 30, No. 16/1 Aug 2022/ Optics Express 28634 |

Optics EXPRESS

contrast, low loss in the telecommunication window as well as a high negative thermo-optic
coefficient (TOC) [27,28]. Due to the negative TOC of the TiO,, in various configurations
it has been used with a Si waveguide to realize athermal operation [29,30]. In the proposed
structure, the TiO, waveguide has been placed in parallel with a Si waveguide to enhance the
thermal tuning efficiency using the opposite TOC of the two materials. In addition, the small
wavelength dependence of the TiO, waveguide as compared to the Si waveguide has been utilized
to reduce the bandwidth to 1.4 nm with a small grating length of 800 um. The apodized grating
has been placed in between the wide space of two waveguides which establishes an SLSR equal
to 25.7 dB. The thermaltunning efficiency of the proposed structure has also been characterized
with a thin metallic heater which is found to be 0.07 nm/mW. Further, it has been shown that
by cascading two LPWGs a dual channel drop filter can be generated with minimum channel
spacing of 185 GHz by varying the electric power in metallic heater placed over each grating.
The calculations have been performed using 3D finite element method (FEM) and transfer matrix
method (TMM).

2. Device design and theoretical modeling

The 3D schematic of the proposed filter structure as well as the cross-sectional view is illustrated
in Fig. 1. It consists of a silicon (Si) strip and a titanium dioxide (TiO,) waveguide placed parallel
to each other with a wide space in between. The width of the Si strip (Ws)and TiO; strip (W;) is
considered to be 320 nm and 900 nm, respectively, whereas the thickness of both the waveguides
(H) is considered to be 280 nm. The chosen dimensions ensure single mode operation for both
the waveguides in the operating range of telecommunication wavelength (C + L band). The entire
structure is covered with a silica (SiO,) upper cladding. The gap between the two waveguides (G)
is considered to be 1 um in order to suppress any cross-coupling in the absence of the grating.
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Fig. 1. (2) 3D Schematic diagram and (b) cross-sectional view of the proposed filter.

In Fig. 2 we have plotted the variation of crossed fractional modal power (FMP) associated
with the quasi-TE mode of Si waveguide (TiO, waveguide) to TiO, waveguide (Si waveguide)
represented by red (blue) curve. The crossed FMP starts to saturate around 800 nm and becomes
nearly 0 around 1 um. The long period grating is considered to be formed by a periodic array of
Si rectangles with 50% duty cycle placed at the middle of two waveguides with a grating pitch of
4.2 um such that the resonance occurs around 1.55 ym.
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Fig. 2. Variation of crossed fractional modal power (FMP) at two waveguides as a function
of gap (G) between two waveguides.

The widths of the Si rectangles are designed as a Gaussian function along the direction of
propagation, governed by the equation,

ey

—0.5L)>
We = W oxp (ng)

Lg
where, W, is the maximum grating width placed at z=Ls/2, and 7 is the apodization strength.
In the proposed structure the fundamental TE mode excited in the Si waveguide couples to the
TiO, waveguide through evanescent field coupling by the intermediate grating. The coupling is
maximum at the phase matching condition given by Ag = An,A where An, = (nesi — 4o, ) is the
modal effective index difference between the participating modes and A is the grating period. The
transmission spectrum of the proposed structure has been calculated using the TMM in which
the grating has been divided into m number of sections with equal length L,, in which the output
amplitude at the through and drop port is related to the input via the sequential multiplication of
adjacent transfer matrices given as [31,32],

AlLe) =T A©) where, T = l_[ T 2)

B(Lg) B(0) m

where, T}, is the 2x2 transfer matrix of the m™ section consisting of four elements given by,

7} = exp(i(B1 = ) [0Sl + 2 sinynLn)|
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In the above equations, B = 27n/A + ia; and By = 2MNep, /A + iy are the complex
propagation constants of the Si and TiO, waveguides respectively with @; and @, being
the field attenuation coefficients, z,, = (m — 1)L,, is the initial position of the m™ section,

o = (B1 —B2)/2 — /A is the detuning parameter and y,+/(c% + |km|?), where «, is the
coupling coefficient of the m™ section given by [33],
2 _ 2
ns —n:,
=5 [ [ BB )
Am

where, E,; and E;;,, are the power normalized electric field components of the Si and TiO;
waveguides respectively. The field components and the modal effective indices have been obtained
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using full vectorial FEM. The integration has been carried out in the grating area (A,,) for the m™
section in which the grating has been replaced by a uniform waveguide with average refractive
index between perturbed and unperturbed waveguide, i.e. (s + n5i0,)/2 [33]. The grating length
is considered to be one coupling length that obeys the condition }’ ,,,L,, = 7/2[29]. Considering
that only the Si-mode excited at the input end, the output spectrum at the through port and
drop port can be obtained following the expression Pirougn = |A(Lg)|? and Pirop = |B(Lg)|?,
respectively. The 3-dB bandwidth of the spectrum is estimated to be [33,34],

2

Al 0.8 Ak 5
3dB = STAN, 4)

In the above expression, ANy is the group index difference between the participating modes
given by, AN, = An, — 19(An,)/dA. The temperature sensitivity of the proposed structure is
governed by [35],

d/lR _ AR 0(Ane)
dT AN, oT

In order to account the wavelength dependence, the refractive indices of SiO,, Si and TiO,
have been obtained using corresponding Sellmeier relations [36—-38],whereas, the temperature
dependence has been accounted through the linear relation ny = ng, + dn/dT(T - T,)[36]
where ny, is the refractive index at the room temperature. In the above equation dn/dT is the
thermo-optic coefficient which is taken as 1.06x107°, 1.8x1074, -2x1074/°C for SiO», Si and
TiO,, respectively [39,40,30].

(6

3. Results and discussions

In the conventional Si-Si structure the major reason for LPWGs being not so popular for add-drop
multiplexing is the difficulty in realizing narrow bandwidth spectrum with shorter grating length.
In order to overcome this issue, in the reported structure we have combined a TiO, waveguide
with the Si waveguide geometry. As it appears from Eq.5, the bandwidth of the LPG is inversely
proportional to the group index difference AN, which largely relies on the wavelength dependence
of the participating modes. In order to highlight the benefits of the proposed configuration, in
Fig. 3(a)AN, has been plotted as a function of wavelength for the proposed TiO,-Si waveguide
(blue curve) and a conventional Si-Si waveguide (red curve). Here we like to mention that
TiO,-Si waveguide refers to the proposed structure, i.e. the parallel combination of a TiO, and a
Si waveguide whereas Si-Si structure implies a parallel combination of two Si waveguides which
has been studied widely for add-drop filtering applications. In order to compare the proposed
structure with state-of-the-art Si-Si waveguide, we have considered commonly used waveguide
dimension for add-drop filter which is 600 nm and 400 nm in width, 220 nm in height and a
separation of 300 nm to ensure single mode operation as well as avoid any coupling in the absence
of grating as reported in [10,17]. The features of the proposed TiO,-Si structure are mentioned
in the previous section. As can be seen from the Fig. 3(a), for the proposed structure AN, is
almost one order higher as compared to the Si-Si structure for co-directional coupling. This can
be attributed to relatively weak wavelength dependency of the TiO, waveguide as compared to
the Si waveguide. As a result, the group index of the TiO, waveguide is found to be lower than
the Si-waveguide. For example, at A = 1.55 um, the group index of the TiO; and Si waveguides is
found to be 2.36 and 4.57 respectively, resulting a large AN,= 2.21. On the other hand, for the
Si-Si structure, the wavelength dependency of the participating modes is almost identical. At
A =1.55 um, the group index of the two Si waveguides is found to be 4.36 and 4.04 respectively,
resulting a small index difference AN,= 0.32.

Here it is to note that the temperature sensitivity or thetuning of the resonance wavelength is
inversely proportional to ANg[see Eq.6]. Thus, the increment in AN, reduces the temperature
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Fig. 3. (a) Variation of AN, with wavelength and (b) An, with temperature for the proposed
TiO,-Si structure and a conventional Si-Si structure.

sensitivity, making it imperative to increase the participating mode’s thermal dependence to
achieve a good tuning efficiency. In this context, the proposed structure is benefited from
large negative TOC of the TiO, as well as large positive TOC of Si waveguide. Due to the
large opposite TOC characteristics of TiO, and Si, the thermal dependence on the factor An,
increases significantly. In order to quantitatively find out the enhancement, the variation of
An, with temperature for the proposed structure as well as for a conventional Si-Si structure is
shown in Fig. 3(b), where the An, increases linearly with temperature with a much better slope
efficiency (0(An,)/dT) as compared to the Si-Si waveguide. The value of d(An,)/dT is found to
be 3.5x1074/°C for the proposed structure whereas it is only -1.4x107>/°C for Si-Si waveguide,
showing a 25 times enhancement in d(An,)/dT leading to an increment in sensitivity [see Eq.6].
The temperature sensitivity is found to be 246 pm/°C for the TiO,-Si structure which is 3.7 times
higher than the Si-Si structure in co-propagation configuration (67 pm/°C). The sensitivity is also
found to be higher as compared to conventional counter-propagating Si-Si structure with WBG
(76 pm/°C). Above, to compare the proposed structure with the state-of-the-art Si-Si structure,
the thickness of the two structures is considered to be different, 220 nm and 280 nm for Si-Si and
TiO,-Si respectively. In order to compare the proposed structure performance with respect to
a 280 nm thick Si-Si structure, the factor AN, and d(An,)/0T also has been calculated for the
same, which is found to be 0.28 and 1.08x 107> /°C respectively. Therefore, the enhancement in
the factor AN, (0(An,)/0T) is found to be 7.8 (32) and 6.9 (25) with respect to 280 nm thick and
220 nm thick Si-Si structure, demonstrating a remarkable improvement of the performance of the
proposed geometry.

In order to obtain the transmission spectrum with high SLSR,the target apodization profile
is mapped in the grating width placed at the middle of two waveguides following Eq.1. The
corresponding coupling coefficient (x um™") has been calculated by using Eq.4 which is plotted
in Fig. 4 as a function of grating width.It shows a nonlinear behavior with the grating width
which has been fitted with a third order polynomial that can be expressed as,

k=351%x107""W} - 1.6 x 1077WZ + 3.1 x 10°Wg — 0.0018 7

The variation of W and the corresponding coupling coefficient as a function of grating length
for three different grating strengths, 1, 2 and 4, keeping the maximum width (W,,,,) fixed at 320
nm are shown in Fig. 5(a) and (b), respectively. If the apodization strength is small (7= 1), the
coupling coefficient variationis found to be very weak.

On the other hand, for stronger strength (7 = 4), the apodization is sharper in the central part of
the grating due to the non-linear characteristics of the coupling coefficient with the grating width.
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Fig. 5. (a) Variation of grating width W and (b) coupling coefficient with grating length
L for three different apodization strength.

In both cases it is difficult to achieve a good SLSR. Therefore, in the following calculation an
intermediate apodization strength 17 =2 has been considered. This approach leads to a minimum
grating width required for this apodization to be 194 nm, which can be accomplished conveniently
using CMOS compatible lithographic techniques.

Considering the aforementioned grating and waveguide parameters the transmission spectrum
has been calculated with a grating length of 800 um. The propagation losses are considered
to be 5 dB/cm and 10 dB/cm for the TiO; and Si waveguide, respectively [27,41]. Although
it is possible to achieve almost one order less propagation loss with the current fabrication
technologies [28,42—44], the losses are considered to be higher to account for all sort of fabrication
imperfections as well as material absorption. The through and drop port spectrum of the proposed
apodized grating filter in shown in Fig. 6. In order to show a comparison, in the inset the through
port spectrum for a uniform grating is also reported. The SLSR is found to be 25.7 dB for the
apodized grating which is much better as compared to 9.7 dB achieved with the uniform grating.
The 3-dB bandwidth is found to be 1.4 nm (179 GHz), lowest reported bandwidth so far with
micrometer order grating length based on LPWGs, to the best of our knowledge. The insertion
loss at the drop channel port is found to be only 0.6 dB. In order to study the fabrication tolerances,
we have plotted the variation of SLSR and insertion loss (IL) as a function of maximum grating
width (W) and grating strength (17) in Fig. 7(a) and 7(b), respectively. In both figures the
variation in W, is considered to be from 300 to 340 nm whereas it is from 1.8 to 2.2 in grating
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strength. It is to note that variation of + 0.2 in grating strength for a fixed W,,,, results in +10
nm variation in the minimum grating. An accuracy of this order can be accomplished easily
with the CMOS compatible fabrication techniques [45]. As it can be visible from the Fig. 7(a)
even with simultaneous inaccuracy of + 20 nm in W, and £ 0.2 in 7 it is possible to achieve
SLSR higher than 20 dB, showing a good tolerance in terms of apodization parameters. The
insertion loss (Fig. 7(b)) is found to be stable in terms of grating strength whereas showing a
relatively sharp variation with W,,,, caused by a strong dependence of coupling strength and
thus of the coupling length on W,,,,. Since the grating length is considered to be one coupling
length corresponding to the apodized grating with W,,,, =320 nm, a deviation in W,,,, leads to
deviation of the coupling length from the considered grating length.
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Fig. 6. Drop port and through port spectrum of the proposed structure. Inset is showing the
drop port spectrum of the uniform grating structure.
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Fig. 7. Surface plot of (a) side lobe suppression ration (SLSR) and (b) insertion loss (IL) as
a function of maximum grating width (W,,,x) and grating strength (7).

Owing to the fact that for LPWG, the peak transmittance shows a periodic variation with
grating length having maximum transmittance at one coupling length, the deviation of coupling
length from the selected grating length results in under coupling or over coupling. This leads to
an increment in insertion loss. Despite this behavior, the insertion loss is still found to be ~1 dB.

In order to actively tune the position of the resonance wavelength a 60 nm thin layer of Titanium
Nitride (TiN) micro-heater is widely placed over the waveguide structure. The TiN has been
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considered as a metallic heater since it shows a good resistance against corrosion and have good
chemical and thermal stability [4,40]. The thickness of the TiN heater is considered to be 60 nm,
as it is relatively easy to form a thin metallic layer. The width of the TiN heater is considered to
be 2.5 um so that it covers the entire structure whereas the separation between the TiN heater and
the waveguide is taken as 1 um to minimize any additional propagation loss originating due to
the metallic absorption. The electro thermo-optic simulations have been carried out by using a
3D FEM approach. The simulations have been performed considering a buried oxide layer of
thickness equal to 2 um in between a thick silicon substrate of 20 pm and the waveguide structure.
The left and right boundaries are also considered to be 20 pm apart from the central part of
the waveguide structure. The left, right and bottom boundaries are considered to be at room
temperature (T, =20°C) whereas a convective boundary condition has been used for the top
layer. The current flow through the TiN layer generates heat flow in the structure which induces a
temperature distribution in the structure as shown in Fig. 8. The change in the applied electric
power in TiN heater results in a change in the temperature of the waveguide cores which induces
shifts in the resonance wavelength.The drop port spectrum for three different applied electric
powers is shown in Fig. 9(a), which shows a red shift with the increment in applied power.

) B 2.5 um .
Air ‘ _ 60 nm T(K)

(dB)

drop
.

T

1540 1545 1550 1555 1560 1565 1570 50 100 150 200 250 30
A (nm) Power (mW)
(a) (b)

Fig. 9. (a) Drop port spectrum for three different electric powers.(b) Shift of the resonance
wavelength with the electric powers.

The shift of theresonance wavelength with the increase in applied power shows a linear
characteristic with the tuning efficiency 0.07 nm/mW (see Fig. 9(b)). The tuning efficiency can
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be enhanced further by creating air trenches as reported in literature [46,47]. The normalized
thermal response of the proposed structure is shown in Fig. 10 with a voltage pulse. The 10-90%
rising time is found to be 9.94 usec whereas 90-10% falling time is 9.75usec.
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Fig. 10. Thermal response of the proposed structure with a voltage pulse.

A comparison of the proposed structure with results reported in literature for WBG structures
and one with LPWG structure [26] is shown in Table 1. The proposed structure shows good
performance compared to the different innovative structures reported for channel drop filtering
applications. In particular the insertion loss is lowest among all the filters despite considering one
order higher loss as compared to recently reported losses in Si and TiO, waveguide [28,42—44].
The insertion loss can be further reduced to ~ 0.1 dB considering the recently reported propagation
losses in Si waveguide (1-2 dB/cm) [42—44] and TiO, waveguide (0.6-1 dB/cm) [28,48]. The
reason behind the lower insertion losses compared to all the WBG structures can be attributed to
the LPWG’s unique band pass characteristic. In LPWGs it is possible to achieve a perfect band
pass filtering with zero insertion loss at grating length equal to coupling length considering loss
less medium. On the other hand, the peak reflectivity of WBGs shows an asymptotic behavior
with length making it impossible to realize perfect band pass characteristics with zero insertion
loss with finite length even in loss less medium.

Table 1. Comparison of the device performance with earlier reported structures.

Ref. Bandwidth ~ SLSR (dB) Tuning efficiency Insertion loss Grating
(nm) (nm/mW) (dB) Length (um)

[10] 1 18.6 0.017 1.6 495
[16] - 30 - 1.2 829
[20] 9.5 22 - 0.8 200
[17] 0.9 19 0.006 1.3 900
[22] 40 24 0.16 1 100
[21] 16.5 21 - 1 600
[19] 3.5 40 - 5 960
[18] 4 15 - - 1500
[23] 2.8 20.5 0.029 1.2 472
[25] 1.16 5 - - 1130
Proposed 14 25.7 0.07 0.6 800

structure
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The proposed structure can be cascaded to realize a multi-channel optical filter. As an example,
we have cascaded two LPWGs to form dual channel optical filter in which the through port of the
first waveguide has been cascaded with the input of the second waveguide. The grating period
is considered to be the same for both LPWG structures. The metallic heater placed over each
LPWG enables tuning of each channel individually as well as controlling the channel spacing.
The separation between the cascaded LPWG structures (L) is considered to be 100 ym to
avoid any possibility of cross heating of the two LPWG structures due to the power variation in
individual heater. In Fig. 11 we have plotted the dual channel spectrum for two different heating
powers equal to 10 mW and 20 mW applied at the second TiN heater, keeping the power in the
first heater at 0 mW. Figure 11 clearly shows that power change in the second heater does not
affect the spectrum of the first channel (Ch1) whereas second channel (Ch2) shows a red shift.
Since the increase of the heating power leads to resonance wavelength shift only for the second
LPWG, for a certain power value, the resonance wavelength of the second LPWG will move away
from the throughput stop band of the first LPWG, with an improvement of the insertion loss.
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Fig. 11. The drop port spectrum of dual-channel cascaded LPWG structure for two different
heating powers at the second TiN heater.

This effect is clearly shown in Fig. 11, by comparing the dotted red and blue lines, referred to
the drop port of Ch2 for power of 10 mW and 20 mW, respectively. In particular, for power equal
to 10 mW, the resonance wavelength of the second LPWG is still within the stop band of the first
LPWG’s through port, resulting in high insertion loss. For power equal to 20 mW, the resonance
wavelength of the second LPWG moved away from the stop band, resulting in a reduction of
insertion loss of the drop port. Therefore, the minimum channel spacing is set as the distance
between the resonance wavelengths of two channels when the insertion loss of both channels is
minimum as highlighted by two vertical lines. In this case, the minimum channel spacing is 1.47
nm (185 GHz) (see Fig. 11). The mismatch of the insertion loss in both channels (insertion loss
of Ch2 is around 1.6 dB higher of the Chl), since Ch2 light covers both the LPWGs as well as
the spacing between two waveguides. The crosstalk between the two channels is defined as the
difference, expressed in dB, between the transmittance of Ch2 (Chl) with respect to Chl (Ch2)
at the peak of each channel [21,49]. As highlighted by the purple lines in Fig. 11, the crosstalk
for both channels is larger than 20 dB for bandwidth of 1.7 nm and 1.4 nm for Chl and Ch2,
starting from 1546 and 1548.9, respectively. Since in dense wavelength division multiplexing
system a channel spacing around 200 GHz is needed, the proposed structure can be a promising
development towards it.

It is important to note that, random variations in structural parameters along the length
originating due to fabrication imperfection can cause a significant effect on filter response,
especially the SLSR [20,21]. Therefore, considering a random local error of +10 nm along the
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length from the nominal values in each device parameters (as expected by the state-of-the-art
manufacturing approaches [45,50]), a statistical analysis has been performed to study its effect on
SLSR. It has been observed that such a variation causes two effects, local phase change ¢(z) due
to the local modal effective index variation and local change in the modal overlap in the grating
section and thus the coupling coefficient k(z). Therefore, considering a large number of errors
(between 10 to 100) in each grating sections and N number of different combinations of such
errors over the entire device length, the effect of random variations in structural parameters on
SLSR has been investigated based on ¢(z) and «(z). In order to reduce the computational time
and volume, first the investigation is carried out separately for ¢(z) and «(z), based on which the
most critical parameter has been identified and finally the combined effect of ¢(z) and «(z) has
been studied for the critical parameter. For example, in Fig. 12(a) and (b) the distribution of
SLSR has been shown separately for ¢(z) and «(z) occurring due to +£10 nm errors in Wy and
W, and +5 nm errors in Wy. Figure 12 (a) shows that the spread in SLSR is much higher for Si
waveguide as compared to the TiO, waveguide. The corresponding mean value and standard
deviation (Std) is found to be 22.01 dB and 1.6 dB for +10 nm errors in W whereas 25.5 dB and
0.09 dB for £10 nm errors in W,. The larger deviation in SLSR for Si waveguide can be attributed
to the combined effect of the higher index contrast of the Si waveguide and the discontinuity of
electric field component in the direction of width for the TE mode, leading to larger variation
in local modal effective index and thus ¢(z) for the Si waveguide. This shows that the device
demand better accuracy in terms of W;. In view of this, in the figure the distribution of SLSR
is also plotted by considering +5 nm variation in Wy which shows a significant improvement.
The corresponding mean and Std is found to be 23.96 dB and 0.92 dB. In Fig. 12 (b) the SLSR
distribution is plotted to study the effect of x(z) due to the errors in width.

[N
[=))

[N
=

SLSR (dB)
SLSR (dB)
N

Fig. 12. Statistical distribution of SLSR corresponding to (a) ¢(z) and (b) «(z) for N number
of different combinations of errors in Si and TiO, waveguide’s width along the length.

Again, the SLSR is found to be more vulnerable to Wy due to the higher index contrast of Si
waveguide, for which the mode confinement affected strongly with slight variations in width. As
a result, the modal overlap in the grating section becomes more susceptible to Wy as compared to
W;. The mean SLSR and corresponding Std is found to be 22.68 dB and 1.36 dB for +10 nm
variations in W, and 25.57 dB and 0.4 dB for 10 nm variations in W;. The device shows a better
performance for +5 nm errors in W, with mean SLSR 24.5 dB and Std 0.96 dB. The mean value
of SLSR and Std is found to be 23.98 dB (24.95 dB) and 0.93 dB (0.46 dB) for +10 nm errors
in the thickness in Si (TiO,) corresponding to ¢(z) whereas 24.78 dB (24.9 dB) and 0.88 dB
(0.79 dB) corresponding to x(z). The device behaves better with respect to height variations
and also the difference between the mean values of SLSR for Si and TiO, waveguide is smaller
as compared to width variation. These characteristics can be attributed to the absence of field
discontinuity in the direction of height which causes smaller changes in local effective index for



Research Article Vol. 30, No. 16/1 Aug 2022/ Optics Express 28644 |
Optics EXPRESS A N \

the Si waveguide as compared to width variations. On the other hand the variations in height
causes smaller change in the modal overlap in the grating section and thus the «(z) in the grating
sections for Si waveguide. The effect of height for the TiO, waveguide on SLSR is found to
be slightly higher as compared to width, as the field confinement in the direction of height is
relatively weak. Owing to the fact that the modal field in the grating section is very small, the
device shows a stable performance with respect to the variations in grating’s width and height as
well as length of each grating sections. For example, the mean SLSR is found to be 25.6 dB
(24.23 dB) corresponding to ¢(z) («(z)) for a £10 nm variations in W whereas 25.62 dB (25.16
dB) for a +10 nm variations in Hg. This analysis shows that the most critical parameter of the
proposed structure is the width of the Si waveguide W. Therefore, considering + 10 nm and + 5
nm errors in Wy, a combined effect of ¢(z) and x(z) on SLSR has been investigated. The mean
and Std is found to be 20.4 dB and 1.7 dB for + 10 nm whereas 23.1 dB and 1.06 dB for + 5
nm. It concludes that, in order to have better device performance the variation in W should
be within + 5 nm which can be accomplished with e-beam lithography technique as reported
in Ref. [51,52]. Following this analysis, below a step by step possible fabrication technique
has been discussed based on the reported and well-known fabrication techniques [28,33,53]. In
the first step of the fabrication, a channel can be created using e-beam lithography and reactive
ion etching on a silicon-on-insulator wafer with 280 nm Si top for TiO, waveguide formation
[43]. The TiO; layer can be deposited using RF magnetron sputtering with titanium (Ti) target in
oxygen environment [28]. The second step of e-beam lithography and reactive ion etching can be
used to selectively form the Si-waveguide and the intermediate grating with desired variations
in width along the grating length [33,54]. Besides, the SiO; cladding can be formed following
plasma enhanced chemical vapor deposition [17]. Finally, the TiN micro-heater can be deposited
using DC magnetron sputtering [55].

4. Conclusions

A thermally tunable add/drop filter based on long period grating has been demonstrated combining
the beneficial features of silicon and TiO, waveguides. The long period grating has been placed
in between the two waveguides with apodized grating width to realize high SLSR =25.7 dB.
A narrow bandwidth (1.4 nm) has been achieved with only 800um long LPWG owing to the
large group index difference between the guided modes of Si and TiO, waveguides. In addition,
the large opposite TOC of Si and TiO, induces a 25 times enhancement in differential thermal
dependence of the participating modes. As a result, a good thermal tuning efficiency 0.07 nm/mW
has been achieved with a thin TiN metallic heater. The 10-90% rising (90-10% falling) time
is found to be 9.94 usec (9.75 psec). Further, cascading two LPWGs a channel spacing of 185
GHz has been demonstrated between dual-channel with only 20 mW electric power in the second
heater. The proposed structure is a promising development towards dense wavelength division
multiplexing with LPWG assisted co-directional coupler.
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