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ABSTRACT We investigate and demonstrate the thermal crosstalk problem in integrated photonic circuits
with metal and silicon doped heaters. Further, we illustrate that due to the localized heating effect, integrated
doped heaters are out-performed in terms of thermal crosstalk as compared to integrated metal heaters.
To mitigate thermal crosstalk and enhance phase tuning efficiency further, a CMOS compatible air-filled
trench region is realized between the doped heater and the adjacent element. The performances of three
fundamental building blocks of integrated photonic circuits, namely, a PN phase shifter, an optical attenuator,
and a ring resonator, are tested by full-wave thermal, charge, and optical simulations. Additionally, the
impact of thermal crosstalk on the performance of integrated PN phase shifters and optical attenuators is
examined thoroughly. The proposed low crosstalk thermal phase shifters might be very beneficial for densely
routed complex integrated photonic circuits like photonic transceivers for data centers, optical phased array
antennas, and photonic reservoirs.

INDEX TERMS Silicon on insulator (SOI), thermal crosstalk, phase shifter, integrated doped heaters,
integrated optical attenuator, thermal switch, ring resonator.

I. INTRODUCTION
Compared to the electrical domain, signal processing in
the optical domain, telecommunications, for instance, is a
more viable option as it offers wide-bandwidth, relatively
simple implementation, cost-effectiveness, power efficiency
and provides strong immunity to electromagnetic interference
(EMI). This can help to cope with the increasing global
demands for high data rates to support new technologies
and numerous modern applications like high-speed global
networking, autonomous driving, the internet of things (IoT),
etc. [1]. Consequently, there is a need for programmable pro-
cessors and photonic signal processing based on integrated
silicon photonics [2], since the existing electronic solutions
are limited by power consumption and low bandwidth oper-
ation. In integrated photonics, a variety of optical functions
namely modulation, multiplexing, wavelength filtering etc.
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can be integrated easily to create a full photonic system.
Since silicon (Si) is transparent for the infrared wavelengths,
it is commonly used in the telecommunications range. The
most popular platform for integrated photonics is silicon-on-
insulator (SOI) to leverage the well-established complemen-
tary metal oxide semiconductor (CMOS) technology [3], [4].
With silicon photonics, many diverse functionalities can be
integrated on a single chip while the use of CMOS electronics
adds control to the photonic elements.

As an important component of PICs, various thermo-optic
phase shifters have been reported so far [5], [6] which
were applied for many interesting applications includ-
ing switching, sensing, advanced communication and neu-
ral networks in complicated devices like ring resonators,
Mach-Zehnder interferometers (MZIs) and Mach-Zehnder
modulator (MZM) arrays [7]–[9]. A thermo-optic phase
shifter works by modulating the temperature of the waveg-
uide with a resistive micro-heater, which induces a local mod-
ification of the refractive index and, in turn, a phase shift on
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the guided photons [10]. However, due to the inevitable ther-
mal conductance of the chip material, the heating might lead
to undesired crosstalk. This thermal crosstalk in integrated
attenuators, commonly used to control the optical power in
wavelength division multiplexed (WDM) networks [11]–[14]
might lead to loss of confinement, reduced output power
and eventually restrict its working capabilities. Similarly,
PN phase shifters or ring resonator based thermal switching
networks [15], [16] might lead to an erroneous signal routing
due to thermal crosstalk.

To eliminate the undesirable changes due to the ther-
mal crosstalk, an ultra-low loss thermo-optic phase shifter
was reported in [17]. However, this design suffers from
a large footprint and high-power consumption. In [18],
a time-multiplexed row-column addressing scheme using a
pulse width modulation (PWM) was proposed. Neverthe-
less, the scaling of this technique is limited by a maximum
achievable phase shift, time constant, and other electrical
design parameters. Three-dimensional trenches were used
to reduce the thermal crosstalk while maintaining a smaller
chip size [19]. However, such designs are customized and
furthermore, the use of an external heat sink restricts its fea-
sibility on the standard CMOS process. Additionally, special
solutions like the Transform Coordinate Method (TCM) and
Thermal Eigenmode Decomposition (TED) were presented
in [20], [21], which shows promising results for microring
resonators (MRR). A brief thermal crosstalk analysis for
micro-disk resonators with heater-modulators was reported
in [22]. Recently, thermal phase shifters based on doped
heaters with improved performances were reported in [23].
However, the presented thermal crosstalk analysis was not
comprehensive and some amount of the heat is dissipated
through the silicon substrate limiting the efficiency.

To improve the heating efficiency and minimize the ther-
mal crosstalk issue for integrated thermal phase shifters,
we come up with a simple design modification. Instead of
using conventional metal heaters, we consider doped silicon
heaters placed close to the main waveguide to obtain the
desired phase changes by a local heating effect. Additionally,
the residual crosstalk can be removed further by providing
thermal isolation from the doped heater by implementing air-
filled trenches between the doped heater and the adjacent
elements. Major contributions of this work include: (i) a
performance comparison in terms of thermal efficiency and
crosstalk between metal and doped silicon heaters on an
SOI platform is examined and discussed, (ii) impact of ther-
mal crosstalk on the performance of PN phase shifters and
optical attenuators is investigated for the first time, (iii) the
detailed analysis of the crosstalk mitigation and phase tuning
efficiency enhancement by standard fabrication compatible
air-filled trench region is presented comprehensively, (iv)
finally, full-wave 3D simulation results are provided and
discussed to verify the effectiveness of the proposed air-filled
trenches on the performances of three basic photonic compo-
nents: integrated optical attenuators, PN phase shifters, and
ring resonators.

This article is organized as follows: Sec. II analyzes per-
formances of integrated metal and doped silicon heaters and
presents a partial optical switching network to compare the
thermal crosstalk performances of both heaters. Sec. III dis-
cusses a doped heater with an air-filled trench to reduce ther-
mal crosstalk substantially. The effect of thermal crosstalk
for three basic integrated elements: PN phase shifters, optical
attenuators, and ring resonators are verified by the full-wave
thermal, charge, and optical simulations in Sec. IV followed
by a conclusion in Sec. V.

II. INTEGRATED HEATERS
Being widely used to design thermal phase shifters within
photonic integrated circuits, integrated heaters are important
elements in silicon photonics. Practically, two types of inte-
grated heater designs are possible in an SOI platform: a metal
heater, just above the waveguide on top of the silicon diox-
ide (SiO2) layer [24]–[26] and doped silicon strips in close
proximity to one side of the waveguide [26], [27]. A detailed
discussion about the integrated heaters was provided in [28].
In this work, both heaters will be examined to compare the
relative performance in terms of thermal crosstalk.

The temperature dependent phase change in the heated
waveguide depends on the thermo-optic coefficient of both
core (silicon) and cladding (silica) and it can be expressed
as [26]:

1φ =
2πL1T dneff

dT

λ0
(1)

dneff
dT
=

dneff
dnSi

dnSi
dT
+

dneff
dnSiO2

dnSiO2

dT
(2)

where neff is the effective index of the mode, L is the heater
length, λ0 is the wavelength in free-space ,

dnSi
dT and

dnSiO2
dT are

the thermo-optic coefficient for silicon ( ∼1.8 × 10−4 K−1)
and silicon dioxide ( ∼1× 10−5 K−1), respectively, at λ0 =
1550 nm and T = 300 K, and1T is the temperature change,
which for a π phase shift is computed as:

1T (π) =
λ0

2L dneff
dT

(3)

As can be seen from (3), increasing L reduces 1T (π ),
which eventually reduces lateral crosstalk. However, the
device footprint and the propagation loss also increases for
longer heaters. Therefore, the length of the heater is designed
to be small. Additionally, to improve the thermal efficiency
of the heater, the heat source is placed as close as possible to
the waveguide. However, there must be some gap between the
integrated heater and the waveguide to avoid metal-induced
optical loss [25].

A. PERFORMANCE COMPARISON OF INTEGRATED
HEATERS
In our simulations, the buried oxide (BOX) thickness is 2 µm
and silicon dioxide (SiO2) is the material used for the BOX
and cladding layer. In every case, the thickness and width of
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FIGURE 1. Geometry of silicon rib waveguides with: (a) titanium heater
(Ti HTR), (b) N++ doped-silicon heater (Doped HTR), and the temperature
profiles (different scale) for the (c) Ti heater, and (d) doped heater with
heater power = 150 mW, gap (g) = 15 µm.

the rib waveguides are 220 nm and 500 nm to support a single
TE-like mode at λ0 = 1550 nm. The cross-sections of the
titanium (Ti) based and the N++ doped silicon heaters are
simulated by combining the thermal solver and the optical
solver in Lumerical [29], to compare the heat distributions
and the phase crosstalk, or an unintended phase change to
the adjacent waveguide (wg-2 in Fig. 1(a) and (b)). Themetal
heater is made of titanium and is located at a height (h) of
1.5µmabove the ribwaveguideswith the thickness andwidth
of 0.1 µm and 5 µm, respectively as shown in Fig. 1(a). The
doped heater material is N++ doped silicon with a doping
concentration of 1 × 1020 cm−3 and located along the rib
waveguides as depicted in Fig. 1(b), with a heater thick-
ness of 0.09 µm and a width of 5 µm. In both cases, the
silicon slab has a thickness and width (w) of 0.09 µm and
10.5 µm, respectively. The gap g between the waveguides
is varied from 2 µm to 15 µm to calculate the thermal
crosstalk between the waveguides in each case. In addition,
for the doped heater, there is a separation distance (b) of
2.5 µm between the doped heater and the waveguide (wg-1
in Fig. 1(b)) to prevent free-carrier absorption. The doped
heater can be placed closer to the main waveguide to improve
thermal efficiency. However, it will also increase the thermal
crosstalk and metal-induced optical loss [25]. It might be
beneficial in some applications where thermal efficiency is
a major concern and some amount of crosstalk is affordable.

The ambient temperature for the thermal simulation is
considered as 300 K and fixed convection of 10W/m2

·K [29]
is considered between the oxide layer and the air above it.

The thermal and optical simulations of titanium and N++

doped silicon heaters with aluminum (Al) contacts are carried
out using the finite element method (FEM) and finite- dif-
ference time-domain (FDTD) solvers respectively in Lumer-
ical software [29]. Thereafter, the temperature profiles are
imported to the optical solver, where the phase shifts are
determined for a waveguide length of 300 µm.

Both heaters cause a temperature rise in the main waveg-
uide (wg-1, where it is desired) and the adjacent waveguide
(wg-2, where it is crosstalk), which changes the refractive
index and therefore the phase shifts in the respective waveg-
uides. However, the phase change in the main waveguide
(wg-1) is desirable whereas it causes thermal crosstalk for
the second waveguide (wg-2) and hence leads to undesired
phase change or phase crosstalk. The temperature profiles for
rib waveguides with different types of heaters are presented
in Fig. 1(c) and (d). For the same amount of heater power,
the titanium (Ti) heater reaches a much higher temperature
as compared to the N++ doped silicon heater. In other words,
metal heaters are thermally more efficient than doped heaters.
A similar conclusion was reported earlier in [26]. The simu-
lated thermal efficiencies (calculated as power required for a
phase shift of π ) of the titanium and doped silicon heaters
are 34.4 mW and 45.1 mW, respectively. With metal (Al)
contacts, the power consumption increases by 40% in both
Ti and N++ doped silicon heaters. This is because some
amount of power is dissipated through the metal contacts and
it also acts as a heat absorber, which further reduces the heater
temperature. However, the design of the metal contacts can be
optimized to reduce power consumption as described in [26].

The phase crosstalk ratio, defined as the ratio of the phase
shift in the second waveguide (wg-2) to the phase shift in the
main one (wg-1), is calculated for both heaters and depicted
in Fig. 2. Note that, the phase crosstalk is much lower for the
doped heater, especially for smaller waveguide gaps (g). This
is a result of the localized heating by a doped heater, whereas,
for the metal heater, the entire region including the second
waveguide is heated inadvertently. Therefore, doped heaters
are preferred in applications where thermal crosstalk is of
paramount importance and the additional heater power con-
sumption is affordable. Later on, we will demonstrate power
efficient thermal phase shifters based on doped-silicon heater
in Sec. III. However, in most applications, it is required to
design the photonic circuits exhibiting low thermal crosstalk
for the proper functioning of the integrated network which
will be explained with an example in the next subsection.

B. PARTIAL THERMAL SWITCHING NETWORK
To better illustrate the thermal crosstalk problem, a part of
the ring resonators based switching network [15] is simulated
with a Ti and an N++ doped Si heater. The Ti heater (inner
radius ri = 9.275 µm, thickness d = 1 µm and width w =
0.3 µm) is placed at a height of 1.5 µm directly above the
ring (ri = 9.5 µm, d = 220 nm, w = 0.5 µm, outer radius
ro = 10µm), as shown in Fig. 3(a). Similarly, the N++ doped
Si heater (ri = 4.55µm, d = 3µm, ro = 7.55µm) is located
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FIGURE 2. Phase crosstalk ratio in the second waveguide (wg-2 in
Fig. 1) for metal and doped-silicon heaters (waveguide length = 300 µm).

in the same plane as the ring waveguide with a gap of 2 µm
in the form of a ring, which separates the doped heater and
the ring waveguide as shown in Fig. 3(b).

FIGURE 3. 3D geometry of the partial thermal switching network
consisting of two ring resonators with: (a) Ti heater and (b) N++ doped
silicon heater. The temperature profiles of the ring resonators with: (c) Ti
heater and (d) N++ doped silicon heaters; the insets show the heating
effect on a segment of the second ring resonator.

For both cases, the first ring (Ring 1) is heated up to a
temperature of 368 K, as illustrated in Fig. 3(c) and (d). Due
to the crosstalk between the rings, the directly adjacent part of
the second ring resonator is heated up to 312 K in the case of
Ti heater and 303 K for N++ doped silicon heater. Therefore,
the spurious resonance frequency shift in the second ring
(Ring 2) due to the crosstalk is higher for the Ti heater than
for the doped-silicon heater, whichmight lead to an erroneous
signal routing in the network.

FIGURE 4. Rib waveguides for an N++ doped silicon heater with metal
contacts: (a) without trench and (b) with an air-filled trench, and (c)-(d)
Corresponding temperature profiles for a gap (g) of 5 µm and a heater
power of 150 mW. Insets show a zoomed view of temperatures at the
main waveguide (wg-1).

III. DOPED INTEGRATED HEATER WITH AIR-FILLED
TRENCH
As discussed, due to the localized heating, doped heaters
initiate less thermal crosstalk. However, the thermal crosstalk
can be further mitigated by implementing an air-filled trench
region between the rib waveguides, as shown in Fig. 4 (b).
It starts from the BOX layer and extends up to top layer, while
covering a region of around 70% along the waveguide length.
The trench is placed at a gap of 2µm from thewaveguide core
which supports the standard fabrication process. However,
it can be placed closer to the waveguide to improve thermal
efficiency. Also, such air-filled trench regions can be imple-
mented by oxide etching (cladding removal) or by etching of
both oxide and silicon to form the deep trenches.

The trench effectively provides thermal shielding to the
adjacent integrated elements as air has a very low thermal
conductivity of 0.026 W/m·K. To verify the effectiveness
of the air-trench, full-wave thermal and optical simula-
tions have been performed on rib waveguides, as depicted
in Fig. 4(c) and (d). For the air-filled trench, the thermal
crosstalk is very low and the adjacent waveguide remains
almost at the ambient temperature of 300 K as demonstrated
in Fig. 4(d). To estimate the undesired phase change in the
secondwaveguide, the phase crosstalk ratio (the ratio of phase
shift in the second waveguide to the phase shift in the main
waveguide) for both scenarios is shown in Fig. 5(a). Note
that, the phase crosstalk is reduced by around six times for
a gap (g) of 5 µm and improves further with decreased gap
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FIGURE 5. (a) Comparison of phase crosstalk ratio between without and
with air-filled trench cases and (b) phase change ratio and temperature
plot of the main waveguide (wg-1 in Fig. 4) for a length of 500 µm.

size. Furthermore, the air-filled trench region also helps to
localize the heating effect within the main waveguide (wg-1)
as demonstrated in the insets of Fig. 4(c) and (d). Thus, the
same amount of phase shift can be obtained for a much lower
heater power while maintaining the thermal crosstalk at a
low level. To quantify the phase shift or thermal efficiency
improvement, the phase change ratio, defined as the ratio
of phase shifts in the main waveguide (wg-1) for with and
without trench scenarios, is simulated (for a waveguide length
of 500 µm) and plotted in Fig. 5(b). It is clear that the phase
shift is improved by 30% if the trench is present. In other
words, the power consumption is reduced by the same amount
which compensates the additional power requirement of the
doped heater as compared to the metal heater as mentioned
in Sec. II.

IV. APPLICATION EXAMPLES
To illustrate and validate the thermal crosstalk performance
of the proposed air-filled trench in conjunction with an
embedded N++ doped silicon heater, three basic photonic
components, namely, a PN phase shifter, an integrated opti-
cal attenuator, and a ring resonator are analyzed. All three
components are placed in the vicinity of a thermally tuned
waveguide for the crosstalk analysis.

FIGURE 6. Cross-section views of a thermally tuned waveguide (wg-1)
and a PN phase shifter: (a) without trench and (b) with a trench.
Temperature profiles with a gap of 5 µm and a heater power of 150 mW
for (c) no trench and (d) with an air-filled trench.

A. EXAMPLE I: INTEGRATED PN PHASE SHIFTER
To estimate the phase change due to the thermal crosstalk
effect, a PN phase shifter [30] is placed at a distance of 5 µm
from a thermally tuned waveguide (Fig. 6(a) and (b)). The
air-trench region is implemented at the center of the gap.
The PN phase shifter is operated at reverse bias using alu-
minum (Al) electrodes (A and K) with a doping concentration
of 1× 1020 cm−3 for the n++ and p++ wells, 4× 1017 cm−3

for the n+ well, and 2 × 1017 cm−3 for the p+ well [29].
As can be seen from the temperature profiles in Fig. 6(c)
and (d), the air-trench acts as a thermal barrier, and hence
the PN phase shifter experiences lesser heating. Thereby, the
sharp phase rise in the PN phase shifter with increased doped
heater power is mitigated, as depicted in Fig. 7. For instance,
at a doped heater power of 350 mW, the normalized phase
at PN phase shifter is reduced by a factor of around ten and
hence a significant reduction in thermal crosstalk. Therefore,
the air-filled trench effectively isolates the PN phase shifter
from the high temperature doped heater.

B. EXAMPLE II: INTEGRATED OPTICAL ATTENUATOR
The second example is an integrated optical attenua-
tor [31], analyzed with and without trench, as shown in
Fig. 8(a) and (b), respectively. It is placed at a gap of 5 µm
from the thermally tuned main waveguide. The attenuator
consists of p+-i-n+ junctions and it is biased to operate in
the carrier injection mode (forward bias). The aluminum
electrodes (A and K) are used to apply a forward bias voltage
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FIGURE 7. Comparison of the normalized phase for the trench and no
trench case (Fig. 6) at zero bias voltage. The phase shift at PN phase
shifter is normalized by the phase shift of the thermally tuned waveguide
(wg-1) for a doped heater power of 350 mW.

FIGURE 8. Cross-section of an integrated optical attenuator with (a) no
trench and (b) an air-filled trench. Temperature distributions for a heater
power of 150 mW for (c) without trench and (d) with an air-filled trench.

of 0.8 V to the attenuator. The doping concentrations are: 1×
1020cm−3 for the n++ and p++ wells, 4 × 1017cm−3 for the
n+ well and 2 × 1017 cm−3 for the p+ well [29]. The doped
heaters are designed with the same dimensions as described
in Fig. 1(b).

The air-filled trench is located at the center of the gap
between the thermally tuned waveguide and the attenuator.
It is evident from the temperature profiles in Fig. 8(c) and (d)
that the attenuator is exposed to more thermal stress in
absence of the air-trench region. The carriers from the p+

and n+ region diffuse into the intrinsic (i) region because the
diffusion coefficient of holes and electrons depends on the
temperature according to the following relation [32]:

Dn,p
µn,p
=
kT
q

(4)

whereD is the diffusion coefficient of the carrier,µ the carrier
mobility, k is the Boltzmann constant, T is the temperature
and q the electron charge and the subscripts n and p refer to
electrons and holes, respectively.

FIGURE 9. (a) Charge profile (in cm−3) inside the intrinsic (i) region of
the p+-i-n+ attenuator without and with an air-trench for a heater power
of 150 mW and (b) attenuator loss variation with power applied to the
doped heater.

Consequently, at elevated heater temperature, a substantial
amount of charge is diffused into the intrinsic (i) region of
the p+-i-n+ attenuator, which contributes to higher optical
losses and degrades the attenuator performance. The charge
distribution for both cases inside the intrinsic (i) region of the
attenuator for a heater power of 150 mW is shown in Fig. 9(a)
which reveals around eight times lesser charge concentra-
tion for the air-trench case. Therefore, the integrated optical
attenuators become less susceptible to thermal crosstalk in
presence of air-filled trench as demonstrated in Fig. 9(b).
Moreover, for densely routed photonic circuits consisting of
many thermal phase shifters, the attenuation increases further
inadvertently due to the thermal crosstalk effect from adja-
cent phase shifters. To deal with this problem, the proposed
air-trench provides a decent solution in which the attenuator
loss remains almost constant for a fixed forward bias voltage
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FIGURE 10. 3D geometry of two adjacent ring resonators (with an outer
radius of 20 µm) and the heater (a) without trench, (b) with air-trench,
and (c)-(d) corresponding temperature distributions.

and irrespective of powers at the adjacent doped silicon
heaters.

C. EXAMPLE III: RING RESONATORS
Optical ring resonators, an important building block used
as modulators, filters, or comb sources in photonic circuits,
is examined finally for thermal crosstalk performance com-
parison. Two ring resonators are placed at a distance of 47 µm
from their respective centers with a gap of 7 µm between
the ring waveguides as shown in Fig 10. The N++ doped Si
heater (inner radius ri = 14 µm, outer radius ro = 17 µm,
thickness d = 0.09 µm, and width w = 3 µm) is located in
the same plane as the ring (Ring 1) waveguide. A silicon slab

FIGURE 11. Optical transmission of the second (adjacent) ring resonator
(with an outer radius of 166.5 µm) for different thermal crosstalk
scenarios.

region of 2.5 µm thickness in the form of a ring separates
the doped heater and the silicon waveguide (of Ring 1) as
shown in Fig. 10(a) and (b). The rings are designed with a free
spectral range (FSR) of around 625 GHz at λ0 = 1550 nm
with an outer radius of 20 µm. Also, there is a silicon slab
region that extends on both sides of the ring waveguide with
a width of 2.5 µm and a thickness of 0.09 µm to form the
rib waveguide structure. Figure 10(b) has the same design as
Fig. 10(a) except for an additional air-filled trench region that
starts from the BOX layer and is placed equidistant from the
centers of the ring resonators. Note that, in both scenarios
(without and with trench), the resonance frequency shift of
the adjacent ring (Ring 2) will be investigated to analyze the
thermal crosstalk performance.

The thermal simulations are performed using the 3D
thermal solver and subsequently, temperature profiles are
imported to the optical solver [29] to determine the frequency
shift of the ring resonators. As can be seen from the tempera-
ture distributions in Fig. 10(c) and (d), for the same amount of
heating (around 360 K) in the first ring waveguide, the second
ring waveguide is heated up to 312 K without and 302 K with
an air-filled trench region, respectively. Due to a small rise in
temperature, a minute resonance frequency drift is observed
for the air-trench case.

To get an estimation of the resonance frequency shift,
a different ring resonator with a free spectral range (FSR)
of 75 GHz at λ0 = 1550 nm (with an outer diameter of
166.5 µm) is verified, as depicted in Fig. 11. In the case of
the doped heater without air-trench, the observed frequency
shift is 11 GHz, which is almost 15% of the FSR. In contrast,
the frequency shift is reduced to only 2% of the FSR for the
air-filled trench scenario. Hence, the resonance frequency of
the second ring is well-preserved by introducing an air-filled
trench between the ring resonators.

In summary, the thermal crosstalk remains at a low level for
all the three illustrative examples when an additional air-filled
trench region is realized.

V. CONCLUSION
In this article, it has been shown through different full-wave
simulations that a doped Si heater has better performance
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than a conventional metal heater in terms of thermal crosstalk
while the latter is more power-efficient. A part of an optical
switching network has been verified to compare the ther-
mal crosstalk performance for both types of heaters. Fur-
ther, adding an air-filled trench region reduces the thermal
crosstalk drastically and improves the phase shifter efficiency
simultaneously. Three basic integrated photonic components,
a PN phase shifter, an integrated optical attenuator, and a ring
resonator have been verified through full-wave thermal and
optical simulations. In the case of an optical attenuator, the
attenuation factor remains unaffected due to the low ther-
mal crosstalk. Similarly, the phase crosstalk and ring reso-
nance shift, due to unwanted heating from adjacent integrated
heaters, have been minimized significantly by the air-filled
trenches. Due to its superior thermal crosstalk performance
by a simple CMOS compatible design modification, the pro-
posed doped heater based thermo-optic phase shifter with
air-trenches is ideal for densely routed integrated silicon pho-
tonics circuits.
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