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Abstract: In this paper, we present a systematic design for manufacturing analysis for thermo-
optic phase tuners, framed within the process modules available on a silicon nitride platform.
Departing from an established technology platform, the heat distribution in various micro-structures
was analyzed, both in steady and transient states, employing a 2D heat transfer model solved
numerically. Multi-parametric simulations were performed on designs combining trenches and
substrate undercut, by varying their position and dimensions. The simulation results were compared
to a reference conventional fully-clad cross-section. Deep air-filled trenches are shown to reduce the
power consumption up to 70%, alongside a thermal crosstalk phase shift reduction of more than one
order of magnitude (0.045 7 rad/mm), at the expense of a slightly lower bandwidth (11.8 kHz). The
design with trenches and substrate undercut lowers the power consumption up to 97%, decreases two
orders of magnitude the crosstalk (0.006 7t rad/mm), at the cost of less than one order of magnitude
in bandwidth (0.9 kHz). In the works, we selected three different heater materials (Cr/Au, Al,
poly-silicon) offered by the fab and four different heater widths (2.5 to 7 um). Their combinations
are related to performance, reliability and durability of the devices, strongly linked to temperature,
current density, and Omegaic resistance. The different figures of merit defined, and the methodology
followed, can be mimicked by future designers to take design decisions at bird’s eye.

Keywords: optical phase shifter; thermo-optic effect; silicon nitride; power consumption; bandwidth;
crosstalk

1. Introduction

The high demand for discrete optical devices in many applications over the four
last decades, fostered a rapid evolution and cost reduction in the photonics subsystems.
With photonics becoming ubiquitous in many application domains, there is a general
demand for the reduction in space, weight, and power (SWaP) consumption. During the
last two decades, the generic technology philosophy and the multi-project wafer (MPW)
runs [1,2] allowed a step forward on photonic integrated circuits (PICs) technologies, due
to the development of new fabrication processes for different technology platforms. These
have paved the way for an effective integration, reducing manufacturing costs, and SWaP
requirements while increasing performance and stability. The three main established
photonic technologies [3—6] are based on Silicon (Si), Indium Phosphide (InP) [7-9], and
Silicon Nitride (SiN) [10-12] with differentiated performances depending on the device
function: III-V semiconductors for light generation, amplification and modulation, Si
Photonics for detection and modulation and SiN for broadband applications ranging from
visible to mid-infrared.

To perform more and more advanced complex optical functions, PICs are sought to
have a high level of reconfiguration, which up to a large extent is served by manipulating
the phase of the electro-magnetic field. Thus, optical phase shifters are key components
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for the realization of subsystems, such as antenna beam-formers in wireless communica-
tions [13,14], optical phased arrays in Light Detection and Ranging (LIDAR) systems [15,16],
optical signal processors [17], microwave photonics circuits [14,18], and switches in optical
communications [19-22], among others. An optical phase shift can be achieved through
three different mechanisms: electro-refraction, electro-absorption, and the thermo-optic
(TO) effect. The two first are mainly used in modulators and are based on an electric
field applied directly through the material, where the optical signal propagates, resulting
into faster, less power consuming phase shifters. However, in some cases, such as in Si
due to the free carrier absorption effect, they induce optical losses. On the other hand,
the thermo-optic effect acts directly over the real part of the refractive index, induces less
optical loss, but at the cost of power and bandwidth.

Nonetheless, thermal tuners can be engineered for small footprint and modest power
consumption, while having kHz bandwidth, which is sufficient for many reconfigurable
PIC applications. Integrated thermo-optic phase shifters have been reported in the liter-
ature for different purposes, such as: wavelength [23] and mode [24] (de)multiplexing
in WDM and SDM networks, respectively, switching applications [19-22], optical phase
arrays for antenna beam forming networks (OBFN) in wireless communications [15] and
for optical beam steering in LIDAR applications [13,15,16,25], microwave signal process-
ing [14,18], among others. In some applications of PICs, compactness is key in terms of
functionality per unit area, such as in [26] or in [17,27]. Therein the authors demonstrated
programmable photonic processors implemented by a two-dimensional photonic waveg-
uide mesh using two different types of tunable basic units: Mach Zehnder Interferometers
and directional couplers. Each side of the mesh elements contains two parallel TO phase
shifters. In this application, the miniaturization of the TO phase shifter would allow a
higher number of mesh cells and, thus, more advanced functions in the same chip area.
Despite some approaches in literature proposing the use of long and wide tuners for linear
phase shift [14,23] over driving power, this is contrary to the spirit of integrated circuits,
where the chip area determines most of the device cost.

Power consumption and thermal crosstalk are the main drawbacks of integrated TO
phase shifters, but resorting to some additional fab steps, techniques, or structures in order
to overcome them have been demonstrated, including: the thermal isolation of the TO
phase shifter by means of trenches and undercuts [28-32], the heat flux transfer increase
towards the shifter’s waveguide by inserting high thermal conductivity materials [33] or
dopants at specific locations of the shifter [32]. In the present work, we show a design for
manufacturability flow addressing the thermal wanted and unwanted effects, by analyz-
ing how the dimensions and position of known micro-structures, such as trenches and
undercuts, besides the heater material, are related to the performance parameters: power
consumption, cross-talk, and bandwidth. A discussion on durability and the inter-relation
of all the figures of merit (FoM), including footprint, closes the paper.

2. Thermo-Optic Phase Shifter Working Principle

In the following we summarize the fundamental equations needed in this work, that
describe the TO phase shift mechanism, and can be found elsewhere [34]. For a TO shifter,
the optical phase change related to a temperature change altering the effective refractive
index of the waveguide, is given by:

1 1 aneffwg

ATwgL ¢y

where A is the wavelength, 97,77, /9T is the TO coefficient that affects the effective
refractive index, ATy, is the temperature increase in the waveguide (subscript ‘wg’) and L
is the length of the waveguide where AT, is applied. The TO phase shifters use a Joule
heat source in the shape of an electrical conductor. The Joule law states that an electrical
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current, I, through a resistor of resistance R, produces heat power proportionally to the
square of the current by the resistance of the conductor:

P = I*Ry[W] )

The heat energy generated by the collisions of the carriers with ions within the
conductor, is mostly transferred due to the Fourier Law or heat conduction [34]. The Fourier
law indicates that a heat flux Q exists for a temperature gradient in a solid or liquid medium:

Q=T 4T ©
Yy 1i—y2

where k [W/m - K] is the thermal conductivity of the material, T, and T the temperatures
at the points between the heat transfer takes place, i, and y;. As long as the separation
decreases or the thermal conductivity of the material increases, the heat flux increases.
This constitutes an important design consideration for a TO phase shifter, materials and
dimensions. Additionally, the maximization of heat transfer to the optical waveguide,
and hence, the reduction in heat losses, is key as well.

3. Heat Transfer Modeling

In order to investigate the heat transfer on integrated TO phase shifters, we considered
the heat transfer equation [35]. Retaining only the conductive and neglecting the convective
and radiative heat transfer modes, results into:

dT
Copr + V(—kVT) = Q @)

where C), [J/kg - K] is the specific heat capacity of the material, p is the material density
[kg/ m3], dT/dt is the temperature change rate at the material over time, VT is the temper-
ature gradient and Q is the heat flux transfer [W/m?]. At steady state regime, there is no
variation of temperature over time and Equation (4) results into Equation (5), where V2T
is the Laplace operator:

—kV2T=Q (5)

In our simulations, Equations (4) and (5) are solved in MATLAB using the 2D finite
element analysis PDE toolbox.

3.1. Reference Cross-Section

The reference cross-section analyzed corresponds to the SiO; fully-clad shifter that is
shown in Figure 1a, with an optical SiN waveguide embedded in silica, and the heater on
top, which matches the existing CNM-VLC SiN technology platform [36].

Hence, the simulation framework is set up to model the heat transfer of three different
TO phase shifter cross-sections: fully-clad, air-trenched, and silicon undercut, including air-
trenches. The first boundary condition is a fixed temperature at the bottom of the Si wafer,
set to 25 °C, emulating a typical temperature controller. An internal heat source emulates
the Joule heating coming from the micro-resistor. We set the framework to calculate the
temperature distribution along the whole simulation window, as well as to extract the
heater’s and waveguide’s temperature. Furthermore, in order to evaluate the cross-talk in
the horizontal direction, the temperature profile at the waveguide depth along the whole
simulation window is retrieved as well. The rise and fall time (T}, Ty) are extracted from
the transient state simulations as the required time to heat the waveguide 10-90% of the
required waveguide temperature for a pi phase shift, and to cool down from 90% to 10%.
The simulator considers the most restrictive time to calculate the BW as 0.35/(T; or Ty).
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Figure 1. Fully-clad TO phase shifter cross-section for CNM-VLC SiN platform (a), temperature
contour plot corresponding to a phase shift of 7r-waveguide width of 1 pm and heater width of 7 um-
(b), horizontal temperature profile from the waveguide core and associated crosstalk phase shift (c),
and waveguide core heating and cooling transient states temperature (d).

Prior to running multi-parametric simulations, several convergence tests were per-
formed to determine the width and height of the simulation window, the mesh grid
parameters and the simulation time, having as target a temperature variation smaller than
0.15%. The simulation window width and height were found to be 1.0 x 0.515 mm?. Next,
the framework was used to reproduce our simulation and experimental results from [37],
obtaining the same, but in the present work with a different simulation environment.

The cross section of the fully-clad TO phase shifter, considering the layer thicknesses
and materials of the SIN CNM-VLC platform, are shown in Figure 1a. The parameters of
the following simulations considered an optical phase shift of 77 (A®,) at 1550 nm optical
wavelength, on a 1 pm waveguide core width, along a 1 mm shifter length (I},), using a
7 um and 0.1 um heater width (wy,) and height (wy,), respectively. The heater material is
Au. The physical parameters used in the simulations are shown in Table 1. According to
Equation (1) and considering a SiN effective thermo-optic coefficient of 3.05 x 10~° [37],
the required temperature increase (ATyg) at the waveguide core is 25.41 °C hence the
required absolute temperature (Tyyg) is 50.41 °C, for the aforementioned 25 °C boundary
condition at the bottom of the wafer. Figure 1b represents the temperature distribution
along the cross-section at A®. As shown in the figure, a heat flux Qg = 22.82 W /pum?
(note the units of heat flux are now for m?, due to the 2D modeling tool used) is required
in the heater to increase the waveguide temperature to Ty¢ and induce a A®,; phase shift.
For this, the required temperature in the heater is 71.75 °C.

Figure 1c shows the temperature profile at the waveguide’s depth along the horizontal
direction. As expected, the temperature at the location of the waveguide is 50.41 °C. Further
away, the temperature exceeding the reference value of 25 °C is considered as crosstalk on
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a hypothetical waveguide located next to the actual shifter under study. The undesired
temperature increase in these locations induces an unwanted phase shift, shown in the
right axis in Figure 1c. In addition to the previous steady state simulations, transient state
results—for a temperature step in the heater—are reported in Figure 1d. The obtained rise
time and associated BW are 26.43 ps and 13.22 kHz, respectively.

Table 1. Physical and electrical properties of the materials considered.

Material k [W/m-k] p [kg/m3] C [J/kgK] Rs [)/sq]
Au 310 19320 130 0.368
Al 237 2712 921 0.034
Poly-Si 131 2500 710 16
SiO; 1.5 2650 710

SisNy 30.5 3170 800

Si 130 2500 710

Air 0.031 1.1839 1006

3.2. Multi-Parametric Analysis of Improved Cross-Sections

Departing from the reference cross-section, we proceed to improve the heat transfer
from the heater to the waveguide by reducing the thermal resistance and losses. To do
so, two types of structures were incorporated to the fully-clad TO phase shifter geometry:
air-filled trenches and undercuts. In the design with trenches Figure 2a, the SiO; cladding
is eliminated at both sides of the heater down to the silicon surface and filled with air.
The design with undercut, in addition to the trenches, has a portion of silicon removed
below the silica substrate [28-32], shown in Figure 2b.

In order to investigate the influence of the various dimensions on the TO shifter’s
performance, these were parametrized, as illustrated in Figure 2: the trench width (wy),
the separation distance from the end of the heater to the start of the trench (o¢,), the height
of the trench (h4,), and the width and height for the undercut (w, and h,, respectively).
The temperature distributions, under the same phase shift conditions previously described,
for both geometries, and a fixed set of the previously listed parameters, are shown in
Figure 2. As expected, the design including trenches and undercut exhibits a much better
thermal isolation, where the heat flux is minimized, and thus the heater temperature.
Next, the multi-parametric runs for the different dimensions of both cross-sections were
performed. At every iteration, a new shifter geometry was created considering a new
dimensional value of the trench or the undercut, always keeping the same heater and
layer properties.

Q= 20.39uWIpm2, T, =70.97 °C, ng=50.41 °C Q= 1.11|.|W/pm2, T, =51.32°C, ng=50‘41 °Cc
|

microns
[4)]
o
microns
o

-20 -10 0 10 20
microns microns

(a) (b)

Figure 2. Cross-section temperature distribution for the air-filled trench (a) and the air-trench with Si
undercut (b). Both with o4 of 2.5 pm, heater and trench widths 7 um, with heating element length
I, =1 mm.
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From the framework, at every iteration, we obtain the required Q and heater tem-
perature for a 7t phase shift, as previously. By comparing the required heat flux Q to
produce the AT, at every iteration with Qy, the heat flux reference corresponding to the
fully-clad shifter, we define the consumption reduction (CR) figure of merit (FoM) of the
new geometry as:

CR=(1- 24100 %] ©)

Qo

The first set of simulations corresponds to the cross-section with air trenches. For fixed
heater and trench widths (both set to 7 um), the trench height and offset were swept.
The obtained CR is given as a contour plot in Figure 3a, showing it can be maximized by
both lowering o, and increasing h;». However, the former has significantly more effect
than the latter. Negative values of o4 indicate that the start of the trench is below the heater,
being the heater partially suspended in air. We define now the crosstalk phase shift FoM as
the undesired phase shift at a distance D,; from the center of the waveguide, given by:
Do, — (2% wy/2) + w4+ (2% 04) for oy >0, @)

T 2% wy/2) + wiy for o4 <0
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Figure 3. Performance contour plots varying the trench height (1) and offset (o) at 77 phase shift
for a heater and trench width (w,) of 7 pm: consumption reduction (a), crosstalk phase shift (b), and
bandwidth (c).

This distance corresponds to the nearest possible location of another identical TO
phase shifter sharing the same trench, for a given o4, wy and wy,. We recall w;, and wy, are
kept fixed to 7 pm, thus only o4, is changing Dy for this first set of simulations. The crosstalk
phase shift results are given in Figure 3b. Since the optical phase is accumulative, our
metric is normalized per unit length. For h;, values below 1.5 um the trench offset has little
impact on this FoM. For larger values the results are consistent with the CR plot of panel
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(a), i.e., when heat is kept at the target waveguide (CR high), there is less unwanted phase
shift at Dy¢. From panel (b), for hy, = 4.5 um and o4 = 0.1 um the phase shift cross-talk is
0.045 [ rad/mm], approximately half of that for the fully-clad shifter in Figure 1c, that is
0.094 [t rad/mm] at the same horizontal distance (14 pm). Finally, using transient state
simulations, the TO phase shifter BW is reported in Figure 3c. Compared to the reference
cross-section, and the BW of 13.22 kHz derived from Figure 1d, for o;; < 1.5 pm and
hy < 2.5 um a BW increase is observed. This boost can be attributed to the fact the trenched
cross-section is more directional in terms of heat transfer, and hence heat reaches faster
the waveguide core. For the same cross-section, now we fix the trench height to a value
of 4.8 um, that corresponds to the existing process module used to etch away the SiO,
waveguide cladding and BOX in the standard SiN CNM-VLC. The results are shown in
the left column panels (a), (c), (e) of Figure 4. As general remarks, note all the results
are strongly dependent on o;,. Both CR and crosstalk are improved for lower values of
oy, for the same reasons previously explained, directional heat transfer. Regarding the
influence of wy, in CR, it shows in Figure 4a a flat response for values higher than 4pum and
a weak deterioration for lower values. This is explained by the low thermal conductivity
of the air-trench, which is laterally isolating the heat. On the other hand, the increase in
the trench width shows an improvement of the phase shift crosstalk since the measured
crosstalk point is further away than for narrower trenches.

A second set of simulations is incorporated, considering both trenches and undercut.
The results are shown in the right column of Figure 4, panels (b), (d), and (f). These
consist of sweeps of both the width and the height of the undercut, while the trench
dimensions are kept fixed: w;, =7 um, oy = 2.5 um, hy, = 4.8 um. The heater dimensions
are the same than in previous simulations: wy, =7 pm, [, = 1 mm and /,=0.1 pm. Once
more, CR and crosstalk are linked, when CR is improved, crosstalk is reduced accordingly.
Next, by roughly comparing the two columns in Figure 4, undercuts provide a two-fold
improvement in CR and one order of magnitude improvement in crosstalk, at the cost of a
BW reduction by a factor of ten. The height of the undercut does not affect significantly
(only for undercut widths higher than 15 pm). With respect to the bandwidth FoM, its link
to the CR follows the same rationale as before, if heat is confined (for increasing undercut
widths), the time required to be released is longer, hence the BW smaller.

In conclusion, the relations among the TO phase shifter FoMs power consumption,
unwanted thermal crosstalk and bandwidth, have been set. In general, both power con-
sumption and thermal crosstalk can be reduced, at the cost of operational speed. These
improvements have been explored by simulation, but in the frame of the processes available
in an actual SiN manufacturing platform, namely, selective area trenching and undercuts.
At the starting discussion we highlighted the need for reconfiguration on PICs, with more
and more basic units being crammed on a chip. Upon this perspective, the aspect of power
consumption and its implications have been clarified. Nonetheless, we have not addressed
yet the issue of device footprint. In all the simulation sets presented, we assumed a typical
SiN heater length of 1 mm. Hence, the question pending to address is which are the limiting
factors to miniaturize the TO shifter. Recall from Equation (1) that shortening the heater
length implies a higher temperature increment ATy, to achieve the same phase shift, while
the power consumption stays the same. The concentration of energy in smaller areas is
connected to choice of heating element material through its properties, as elaborated in the
following section.
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Figure 4. Simulation results for the TO phase shifter with trenches (left column): consumption reduc-

tion (a), crosstalk phase shift (c) and bandwidth (e), with [;, =1 mm, wy, =7 um, hj, = 0.1 um. Simula-

tion results for the phase shifter with trenches and undercut, right column (b,d,f), with /i, = 4.8 um,

of fsety = 2.5 pm, wy, = 7 pum. Both columns are results for the same heater dimensions.

4. Heating Element Design

Following the same philosophy, we frame our study to some of the available technolo-
gies of the SiN CNM foundry, that can be used to fabricate on-chip heating elements. These
technologies pose restrictions on the heating element materials, dimensions, and floor-
planning (relative dimensions) when combined with the surrounding materials (e.g., 5iO7)
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and processes (trench and undercut lithography and etch). Consequently, three sets of
heating element designs are explored, amenable for fabrication in the CNM fab.

The first heater material considered is the standard bi-layer offered within the current
SiN CNM-VLC platform, as in the previous section. The bi-layer is fabricated by sequential
evaporation of chromium (Cr) and gold (Au), with thicknesses of 10 nm and 90 nm,
respectively. This was already pictured in Figure la. Experimentally, the bi-layer sheet
resistance was found to be 0.368 ()/sq [37]. The lift-off process employed to pattern the
heater requires a clearance offset 04 = 2.5 um to the trenches. Additionally, the etch depth
for the trenches is limited in the current process flow to 2.3 pm, which is the thickness of
the silica cladding, Figure 1a.

The second heating material to consider is aluminum with 0.4% of copper, having a
sheet resistance of 0.034 (2/sq. In this case, it can be patterned by reactive ion etching (RIE).
This allows oy, to be close to zero, and to create deeper trenches (4.8 pm) down to the Si,
Figure 1a.

As previously mentioned, shorter tuners require a higher AT;,¢, however the required
heat energy is the same than for longer tuners although more concentrated. Hence, the heat
flux is higher. The heating element resistance depends linearly with the length, according to:

P I

R= b wy (] ®)
with p the resistivity of the material [()- m] and [}, w;, and ¢, the length, width, and
thickness, respectively, of the heating line. Although, from a footprint perspective, a short
length is preferred, a too short heater will have low resistance. Therefore more electrical
current will be needed for a given required heat power, according to Joule’s law. When
the electric current density flowing through the heating line is above a threshold, electro-
migration takes place [38]. It consists on mass transport due to the momentum created by
the collisions of electrons against metal atoms. In addition, the diffusion of the material
is increased when the temperature is high [39], reducing the heater reliability. Therefore,
relatively high resistivity materials should be considered to minimize current density.

Thus, the choice of the third material aims to meet compactness and resilience re-
quirements. Poly-crystalline silicon (poly-5i) has been widely used in microelectronics
industry for its excellent deposition quality, doping controlled resistivity and thermal
properties [40-42]. For our designs, we have considered a 0.48 pm thick poly-Si recipe
from CNM, showing a sheet resistance of 16 ()/sq. As in the aluminium case, the poly-Si
is dry etched for patterning, and the trenches can be located at zero offset from the edge of
the heater.

Since both Cr/Au and Al are of similar nature, the heating line length for these designs
is 1 mm, owing to past experience [37]. Both require a ATy of 25.41 °C for a A®. For the
poly-Si heater the length is pushed down to 100 um, for which ATy, = 254.1 °C. Table 2
compiles the dimensions of the heater, the air-trenches and silicon undercut for the three
aforementioned heater materials. The physical and electrical properties considered in the
simulations are listed in Table 1.

Table 2. Dimensions [pum] of the heater, trench, and undercut for the three heating element materials.

HEATER TRENCH UNDERCUT

Material  Width Length  Thickness Offset Width Height Width  Height
Au 7,6,5,25 1000 0.1 2.5 7 2.3 30 2
Al 7,6,5,2.5 1000 0.6 0.1 7 4.8 30 2
Poly-Si  7,6,5,2.5 100 0.48 0.1 7 4.8 30 2

The simulation results are shown in Figure 5. These include a combination of each
heater material, with the cross-sections investigated so far, namely fully-clad, with air-
trenches and air-trenches combined with undercut. The heat flux per unit length required
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for an optical phase shift of 77, Qy,,, is shown in panel (a) for different heater widths.
Reducing the heater width requires higher flux, since the same amount of energy needs to
be delivered across a smaller surface.

From the heat flux, the power consumption to shift 7r, P, can be calculated as follows:

Pr = Qpur * wp * 1y )
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Figure 5. Simulation results for TO phase shifter designs at A®; considering hy, = 4.8 um, wy =7 um,
oy =2 pm, I, = 1 mm, wy, =7 um. Heat flux per heater unit length (a), power to shift 7r (b), crosstalk
phase shift per heater unit length (c), and BW/ P, (d). Note that in panel (b) the curves for Al and
poly-Si appear always overlapped.

The results are shown within Figure 5b. The required Py for the fully-clad designs is
almost the same for the three heater materials since their thermal conductivity is almost
two orders of magnitude higher than that of the SiO, cladding. Therefore, the limiting
factor setting Py is the thermal resistance of SiO,. P decreases for narrower heaters, since
they concentrate heat and less is lost in its transfer down to the waveguide. The designs
with trenches reduce P from 160 mW to 100 mW for wj, = 7 um aluminium and poly-Si
heaters, and from 125 mW to 40 mW for w;, = 2.5 um widths. In the gold heater case,
the power reduction is lower since its trench is shallower (this difference is indicated in
caption of Figure 5b as ‘SH’ vs. ‘DEEP’). The designs with undercut improve the P, down
to 6 mW and 4 mW for widths of 7 and 2.5 pm, respectively.

In Figure 5c, the thermal crosstalk phase shift per heater unit length results on an
identical dummy TO shifter with same dimensions at Dy, Equation (7), are represented.
Note that the cross-talk is given normalized to the heater length. Thus, the Al and poly-Si
curves are exactly the same with a factor 10 corresponding to their length ratio (1 mm
vs. 100 pm). However, note that both the Al and poly-Si differ from the Au case for all
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cross-sections. This is due to two reasons. The main reason is that, through Equation (7) the
cross-talk measurement point (Dy;) is located where, from a manufacturable point of view,
could be located an identical TO phase shifter, given the required technology to process
the material. In the case of fully-clad designs, the Dy; is also considered as it had trenches,
in order to properly compare its results with designs with trenches or undercut, given a
heater material. Thus, in the Au case which has an o4, of 2.5 um, the Dy; is 4.8um further
away than the Al and poly-Si cases, hence the cross-talk is lower. The second reason is that,
in the trench and undercut cases, the Al and poly-Si have the same lateral cross-section,
that is, SiO; fully etched down to the Si, whereas de Au case has the SiO; only removed
partially (just the cladding, but not the substrate). This means that the lateral resistance
of the Al and poly-Si cases is the same, but different to the Au case. Despite they are not
represented in the Figure 5¢, for the sake of clarity, additional simulations confirmed that
the Au case is exactly equivalent to the other two with o4, = 0.1 pm. We did also check the
heater height has no influence, by performing an Au simulation with height 0.6 pm.

This said, for the fully-clad cases (all three have the same lateral thermal resistance,
all the 5iO, present) increasing the heater width, results in an increased Dy, that means
smaller cross-talk (dummy point further away). However, when only trenches are used,
the cross-talk increases with wy, (Dy¢), which seems contrary to what expected. The reason
is narrower wy, the heat is directed better downwards, and the exponential decay of
temperature from the waveguide core, happens faster in a narrower area. This can be said
otherwise: there is less heat wasted laterally in narrow heater configurations.

In Figure 5c, we observe the Au based heater using trenches and undercut exhibits
larger thermal crosstalk than the fully-clad or just trenched cross-section. Despite being
somehow artificial (it would be tricky to make undercuts without deep trenches), we
present it because it is an evidence of lateral heat tunneling along the silica layer. Said
otherwise, the undercut prevents heat to flow down to the silicon, but in this case the silica
is not fully etched, and, therefore, the heat flows along this low thermal resistance path
(lateral). That explains why the cross-talk is higher for the case with both trenches and
undercut, than for the fully-clad or just trenched cross-section.

Last but not least, we introduce a new FoM which to our understanding is relevant,
the bandwidth available per unit power to shift 77, BW/P;. From the previous discussions,
we found that isolation of the TO shifter area results into increased power efficiency,
at the cost of BW. Hence, the proposed ratio represents a balance of both. The results
for the different technologies analyzed are plotted in Figure 5d. For each heater line
material, the best ratio is obtained for trenched TO shifters. For example, the poly-Si
trenched heater of width w, = 5 pum has a ratio of approximately 0.145 kHz/mW,
and P; =75 mW (BW = 10.875 kHz). The same, with undercuts shows 0.125 kHz/mW, that
yields BW = 0.625 kHz (P = 5 mW).

If we now go back to the crosstalk phase shift, we observe values of 0.39 and
0.2 7t rad/mm for these two configurations, respectively. Hence, it could be roughly
stated the integration density is x2 for the undercut heaters, with power saving of x15,
but at a cost of approximately x17 in BW. This could be a point in which economics should
be considered, so as to evaluate the application specifications vs. integration density vs.
fabrication complexity costs. However, this is out of the scope of this paper. In conclusion,
by inspecting jointly plots as the ones shown in panels (b), (c), and (d) of Figure 5, the de-
signer has information to judge at bird’s eye which is the best TO shifter design for a given
PIC application. Nonetheless, there is an additional aspect to cover, with respect to the
maximum temperature a heater line of a given material can withstand.

Hence, we next give some insight into the factors that degrade heaters reliability
and durability, temperature, and current density. In Figure 6a we present the heater line
temperature required for an optical phase shift of 7, termed Tj,;. Although the 1 mm
heaters have Tj,,; in the range of 71 to 85 °C, the 100 um length poly-Si heater reaches
temperatures as high as 620 °C for the 2.5 um width fully-clad design down to 482 and
294 °C for the trenched design and undercut one, respectively. These, in turn, are extremely
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high temperatures used in, e.g., ignition applications in solid propellant microthrusters [43].
Complementarily, we show in Figure 6b the corresponding required current density Jj,.
The values are quite differentiated depending on the heater material due to the dissimilar
resistance obtained. The values for the poly-Si, which is the most resistive are 1, 0.6,
and 0.16 MA /cm? for the fully-clad, trenched, and undercut configurations, respectively.
These values are well below the reverse annealing point (1.5 MA /cm?), transition point
(3 MA/cm?) and breakdown point (6 MA/ cm?) reported in [44] for a similar poly-Si
resistor. Note, however, these limits depend on structural properties of the material (grain
size), that are particular to each fabrication process. In the presented designs, the 100 um
heater is an extreme case requiring high Tj,;, but from the material durability point of
view this seems feasible. On the contrary, while the Tj,; is modest for the Au and Al based
heaters, the associated current density for an optical shift of 7 is above the mentioned
limits, and thus electro-migration could take place. On the other hand, some applications
may not require reaching a 7 phase change, and, therefore, the required temperature and
associated current density are lower.

700 14
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600 \ 1 mm Au + SH Trench + Undercut
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= + —1mm Al + deep Trench
500 _ _ _ B+ 1 mm Al + deep Trench + Undercut 14 0r
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Figure 6. Temperature of the heater for A®, for the different heater widths and designs (a) and
required current density (b).

5. Conclusions and Outlook

In this paper we have addressed the topic of thermo-optic heater design from a
design-for-manufacturability perspective. Departing from an established PIC integration
process, and considering actual available materials and fabrication processes, sets of micro-
structures have been analyzed using multi-parametric simulations. The relevant figures
of merit have been defined and their relations established, in summary, the heat flux and
electric power consumption, the thermal crosstalk and the operational bandwidth.

From the heat conductivity point of view, due to the thermal resistance lowering, air
trenches and silicon undercut reduce power consumption and thermal crosstalk, at the cost
of operational speed. Reducing the heater width results into increased efficiency, since the
heat is more focused. The TO shifter’s performance has been linked to two key operational
aspects, which are reliability and durability. From this point of view, the length is a critical
parameter since it determines the required temperature increase in the waveguide, and the
choice of the heater material, also proves crucial. A higher resistive material requires less
current and thus, less current density. Both required temperature increase and current
density are the factors that degrade reliability and durability. By following a similar
flow with these figures of merit, a designer can have a framework in which to trade-off
application specifications to manufacturable designs.
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