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Deep Trenches for Thermal Crosstalk Reduction
in InP-Based Photonic Integrated Circuits

Giovanni Gilardi, Weiming Yao, Hadi Rabbani Haghighi, Xaveer J. M. Leijtens,
Meint K. Smit, Fellow, IEEE, and M. J. Wale, Member, IEEE, OSA

Abstract—We numerically and experimentally investigate an on-
chip solution to reduce the thermal crosstalk in indium phosphide-
based photonic integrated circuits. We introduce deep trenches,
fabricated through wet etch, between active and passive compo-
nents. The current injected in active components and the geometry
of the trenches are the parameters considered in our analysis. The
trenches thermally isolate the passive components from the heat
generated by active components. The thermal crosstalk is quanti-
fied by measuring the effects on the electro-optical response of an
MZ modulator considered as a test structure. The heat sources are
represented by semiconductor optical amplifiers placed at different
distances with respect to the position of the MZ. Our experiments
show how both the geometry and the position of the trenches, play
a role in the reduction of the thermal crosstalk.

Index Terms—Crosstalk, indium compounds, thermooptic
effects.

I. INTRODUCTION

S INCE the introduction of the Arrayed Waveguide Grating
(AWG) in 1988 [1] the complexity of Indium Phosphide

(InP) chips has increased exponentially from a few to a few
hundred components. Significant progress in the development
of complexity in photonic integrated circuits (PIC) was reported
with the introduction of WDM receivers in 1993 [2] and 1996
[3], WDM lasers in 1994 [4] and 1996 [5] and more complex
WDM receivers in 2004 from ThreeFive Photonics [6] and trans-
mitters 2005 from Infinera [7]. The most complex PIC reported
so far is a PM-DQPSK transmitter [8].

However, the present technology cannot ensure a further ma-
jor increase in chip complexity. In passive devices the unavoid-
able losses of the passive components limit the total number
of components that can be cascaded, while in active PICs the
number of Semiconductor Optical Amplifiers (SOA) is typically
restricted up to a maximum of a few hundreds, because of heat
sinking limitations.

Chip designers always try to reduce the chip size. The aims
are to increase the circuit functionality for a fixed chip size
and to reduce the necessary chip area allocated for a specific
design, since this directly affects the chip costs. Within the
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building block approach [9], [10], where the performance of
a specific component (i.e. basic building block, such as phase
shifter, AWG, MMI, SOA) is well known and optimized for
specific geometries, the main approach to reduce the chip size
is the reduction of the distance between components.

However, the distance between the building blocks cannot be
freely reduced because the components interact with each other.
The interactions between components are commonly identified
with the term crosstalk.

The crosstalk limits the maximum component density achiev-
able in a single chip. The most critical crosstalk contributions
in a PIC are the radiofrequency crosstalk, mostly related to
the inductive and capacitive coupling of RF signals; the optical
crosstalk, related to the light scattering and then light coupling
between nearest waveguides; and the thermal crosstalk, due to
the heat transfer from active components, i.e. SOA, to passive
components, i.e. phase modulators, AWG, and so on. This paper
is focused on the thermal crosstalk in InP based PICs.

The literature offers both theoretical and experimental [11]–
[13] investigations of thermal crosstalk in an array of lasers and
also thermal crosstalk interaction between active and passive
components [14], but a few technological solutions have been
proposed so far to reduce the thermal crosstalk.

In practical applications the most common approach used to
avoid the effects of the thermal crosstalk is based on the intro-
duction of design rules related to the definition of a minimum
distance between components. To increase the distance between
components is a conservative solution but it is not a solution to
increase the PIC density.

A technique to reduce the thermal effects, consists in the fab-
rication of a dummy SOA close to the main SOA to maintain a
constant sum of the injected current in both SOAs. The effect
is to have the temperature around the SOAs area constant. This
approach does not improve the miniaturization of the PIC since
the dummy SOA requires a specific chip area for its definition
and moreover the dummy SOA dissipates power without adding
functionality. The introduction of conductive shunts to improve
the thermal dissipation has been reported in [15]. In [16] an
approach to eliminate the temperature sensitivity of Mach-
Zehnder (MZ) modulators is investigated by adjusting the
thermo-optic effects of their interfering arms through their
waveguide width and length optimization. Liquid Crystals, that
are mainly implemented to develop electrically tunable device
[17]–[19], are also emerging for temperature stabilization in
photonic circuits [20], [21].

A powerful approach to reduce the heat transfer from active
components is based on the definition of trench structures.

0733-8724 © 2014 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications standards/publications/rights/index.html for more information.
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A few cases of structures including trenches are reported in
silicon based PICs [22] and in polymer waveguides [23] where
the thermo-optic effect is enabled by including metallic heaters
on the chip.

In InP the integration of trenches is new at it represents the
core of this paper. The aim of the trenches is to reduce the
thermal crosstalk between active and passive components.

In active InP based PICs the thermal crosstalk effects are
inherently present when the SOAs are operated. This paper is
organized as follows: in Section 2 we describe the model used to
evaluate the thermal crosstalk effects in active InP based PICs;
the model is applied to a test structure reported in Section 3
to simulate the thermal crosstalk effects; in Section 4 we report
the experimental results obtained when no trenches are included
in the testing structure. Section 5 shows, the fabrication of the
deep trenches via wet etch and the effects of the trenches to the
thermal crosstalk.

II. ELECTRO-THERMAL MODEL

To investigate the effect of the thermal crosstalk we have de-
veloped a model to analyze the electro–thermal interaction in
active components and to evaluate the conductive heat transfer.
In our model, first a current is injected into the SOA and the
Joule’s heating is calculated by considering the electrical and
thermal properties of the materials used in the SOA; second
the heat transfer from the injected SOA to the rest of the pho-
tonic circuit is evaluated by solving the heat transfer equation;
third, the local temperature in every relevant point of the PIC is
evaluated.

In detail, both the Joule’s effect and the heat transfer phe-
nomena are simulated by a 3D finite element method [24]. We
simplify the heat transfer equation by neglecting the convective
and the radiative heat transfer and considering the steady state
regime [25]. The equation governing the pure conductive heat
transfer in a solid becomes:

Cpρ
dT

dt
+ ∇ · (−k∇T ) = Q (1)

where the derivative of the temperature with respect to time is
zero, k [W/(m · K)] is the thermal conductivity, ρ [kg/m3] is the
material density, Cp [J/(kg · K)] is the specific heat capacity at
constant pressure, T [K] is the absolute temperature. Q [W/m3]
contains the heat sources and it is related to the Joule’s effect:

Q =
I2R

hcl
(2)

Both active and passive waveguides are made by growing
several layers of InP with a controlled doping level, as shown
in Fig. 1. The aim is to create a refractive index contrast able to
confine the light in the core of the waveguide. In (2), R is the
total resistance that depends on the resistivity and geometry of
the layers passed by the injected current I. For each layer we
consider its geometry parameters h (thickness), c (width) and l
(length) and its resistivity.

The resistivity of each layer depends on the type of doping, p
or n, and on the doping concentration. The doping modifies the
heat sources since it modifies the electrical resistivity of the InP.

Fig. 1. Shallowly-etched waveguide layer-stack considered for active and
passive components. In red is the active region. I is the current injected in
the active components. The relation between doping concentration and the
resistivity is indicated in the inset.

Fig. 2. Photonic integrated circuit considered in our model.

To evaluate the resistivity in relation to the doping, we consider
a fitting of the values reported in [26], also reported in the inset
of Fig. 1.

III. DEVICE DESCRIPTION AND WORKING PRINCIPLE

To investigate the thermal crosstalk we apply the model de-
veloped so far to a test structure based on one SOA and one MZ
modulator, as shown in Fig. 2.

The SOA is part of a more complex section of the PIC but it
is not related to the MZ. To reduce the number of geometrical
variables we consider the same length, l, for the SOA and for
the MZ arms. The substrate thickness is t = 200 μm. Moreover,
we keep the distance between the arms of the modulator fixed:
f = 310 μm. It is a safe value to avoid both optical [27] and
radiofrequency [28] coupling between the arms of the MZ. In
principle the reduction of f allows the reduction of the thermal
crosstalk effects due to the reduction of temperature mismatch
between the left and the right arm. On the other hand the re-
duction of f also leads to an increase of the optical crosstalk
and to an increase of the radiofrequency crosstalk. f = 310 μm
allows to neglect the optical and the radiofrequency crosstalk
thus avoiding misunderstandings and perhaps wrong interpreta-
tion of the results.
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Fig. 3. Heat transfer from the SOA when the injected current is I = 100 mA
and I = 200 mA.

Fig. 4. Temperature distribution along the x-coordinate and y = 0.

Fig. 3 shows the heat distribution for two values of injected
current and the temperature evaluated for both arms of the MZ.
For instance, I = 200 mA corresponds to a current density of
10000 A/cm2 since the SOA length is l = 1 mm while its width
is c = 2 μm. A temperature of 17 °C is imposed at the bottom
side of the chip by a copper heat sink (not shown in the Figures)
whose thermal conductivity (400 [W/(m · K)]) is high enough
to clamp the temperature.

By increasing the injected current density up to 200 mA, the
temperature of the SOA reaches about 28 °C. The temperature
increases with the square of the injected current according with
(2), and it is higher in the active region where the electrical
resistivity is higher compared with the other layers. Due to the
heat transfer, also the temperature in other points of the PIC
results higher.

Fig. 4 shows the temperature distribution along the
x-coordinate (for y = 0) for three values of injected current.

The left and right arms are at a distance d and d+f, respec-
tively, from the SOA. With the terms labeled in Fig. 1, the output
optical power from the MZ can be expressed as:

POU T = E0 · E∗
0 (3)

E0 is the output electrical field and can be described as:

E0 =
Ein

2

[
ej 2 π

λ
nL l + ej( 2 π

λ
nR l+Δφ(V ))

]
· e−αl (4)

α represents the optical losses for the passive waveguides and
the measured value is 3 dB/cm. Δϕ(V) is the phase shift induced
by the reverse DC voltage applied to the right arm. By exploiting

Fig. 5. Temperature difference between the left and right MZ arm versus
distance from the SOA evaluated for f = 310 μm and y = 0.

the linear electro-optic effect, it can be expressed as:

Δφ(V ) = ΔV
π

Vπ
(5)

where ΔV is the voltage variation in the right arm of the mod-
ulator and Vπ is the voltage necessary to commutate the output
power, POUT , from its maximum to its minimum.

In (4), Ein is the field amplitude considered as MZ input,
while nL and nR are the effective index for the left and right
arm, respectively. Both nL and nR depend on the temperature
as follows:

nL = n0 + ηΔTL (6)

nR = n0 + ηΔTR (7)

n0 = 3.25 is the effective refractive index considered for each
arm at 17 °C, while ΔTR and ΔTL are the temperature vari-
ation for the arms with respect to the temperature imposed by
the cooling system. The coefficient η = 2.5 · 10−4 1/K is the
thermo-optical coefficient for the InP [29]. The constructive in-
terference in the combiner occurs when the phase shift in the
right arm (ΔϕR ) equals the phase shift in the left arm (ΔϕL ):

ΔφL = ΔφR (8)

2π

λ
n0 l +

2π

λ
ηΔTLl =

2π

λ
n0 l +

2π

λ
ηΔTRl + ΔV

π

Vπ
(9)

by solving (9):

ΔV =
2ηVπ l

λ
(ΔTL − ΔTR ) (10)

Equation (10) quantifies the DC MZ switching curve drift due
to the temperature difference between the arms. We will refer
to this quantity with the term ΔVi to indicate that it is induced
by the thermal crosstalk, i.e. it is induced by the difference in
temperature between the two arms of the modulator: ΔT =
ΔTL − ΔTR .

Fig. 5 shows the difference in temperature between the two
arms as a function of d for three values of injected current. ΔT
is always positive because in presence of heat transfer from the
SOA, the temperature in the left arm is always higher than the
temperature in the right arm.
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Fig. 6. Measured MZ DC switching curve when I = 0 (ground state). The
voltage step is 0.1V. The minimum output optical power is for V = 16V .

Fig. 7. Measured DC switching curve drift due to heat transfer from the SOAs
for d = 60 μm. The inset shows the ER drop due to the switching curve drift.

Fig. 8. Measured DC switching curve drift due to heat transfer from the SOAs
for d = 1300 μm. The inset shows the ER drop due to the switching curve drift.

IV. THERMAL CROSSTALK MEASUREMENT

While no current is injected into the SOA (ground state, I =
0 mA), a reverse voltage is applied to the right arm to measure the
MZ DC switching curve reported in Fig. 6: it shows a switching
voltage (Vπ ) of about 10 V. The voltage step considered in the
experiment is 0.1V. The DC switching curve drift is defined with
respect to the minimum power transmission. It corresponds to
V = 16 V for the ground state.

Next, the SOA is injected with the current I. According with
Fig. 4, the heat transfer from the SOA to the MZ causes the
variation of the temperature TL and TR , and thus the refractive
index changes as formulated in Equations (6) and (7).

The refractive index variation, causes the DC switching curve
drift, ΔVi. Figs. 7 and 8 show the measured switching curve

Fig. 9. Measured and simulated DC switching curve voltage drift for d =
60 μm and d = 130 μm.

drift due to the thermal effects for d = 60 μm and d = 130 μm,
respectively.

When MZ is used as fast optical modulator, the switching
curve drift limits the performances of the MZ, because it results
in the degradation of the optical extinction ratio (ER). The ER
is a key parameter in optical communications since the quality
of the transmission, i.e. the bit error rate, is strictly related to the
ER value. To measure the ER at low frequency (e. g. 1 GHz), we
consider a voltage bias of 14 V (red vertical line in Fig. 7 and
Fig. 8), while the range of the RF signal is 3V (range represented
by the dashed lines). In this condition the measured ER is about
11.3 dB when no current is injected in the SOA.

The inset in Fig. 7 and Fig. 8 show the measured ER values
and the corresponding ΔVi. While the swept of the RF signal is
constant, the swept of the optical output power, i.e. the ER, is
reduced as showed in the bolder portion of the switching curves.

Fig. 9 summarizes the experiments performed to evaluate
ΔVi, and it also includes the simulated results obtained using
the model described in Section II. The simulated curves have
been plotted considering η = 2.5 · 10−4 1/K, Vπ = 10V , λ =
1.55 μm, l = 1000 μm in (10).

ΔVi increases with the square of the injected current: it is
inherently related to (2). For particular PIC topologies it is pos-
sible to calibrate the circuit with respect the thermal crosstalk
effects. For instance for the PIC proposed in Fig. 2 one may con-
sider to tune the bias voltage according with the ΔVi induced
by I, to keep constant the ER. However this solution increases
the complexity of the measurement when, in particular, the PIC
is crowded and more active and passive components are oper-
ated simultaneously. Moreover in complex passive components
(i.e. AWGs, Ring Resonators), the thermal effects may lead to
non-uniform variation of the refractive index and it cannot be
compensated.

V. TRENCHES FABRICATION

We investigate an on-chip solution to overcome the limit in
miniaturization imposed by the thermal crosstalk. We define
deep trenches between optical components to modify the heat
transfer path. The trenches are intended as a deep aperture be-
tween the components.

Fig. 10 sketches the basic fabrication steps to define the
trenches: (a) SOAs and passive waveguide structures are
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Fig. 10. Process flow to define trenches between active and passive compo-
nents.

Fig. 11. Trench geometry versus crystallographic orientation.

already defined; (b) a thin layer of polyimide and SiO2 are
used to planarize the structure and to improve the routing of the
metal electrodes; (c) the metal electrodes are defined through
lift-off; (d) a photoresist mask is defined to protect the wafer on
both sides and is left open where the trenches need to be defined.
The polyimide is then etched through the polymer reactive ion
etching process; (e) the sample is then wet etched with a solution
of 4H3PO4 :2HCl; (f) the protection layers are removed.

The presence of the trench does not modify the optical proper-
ties of the waveguides since it is far from the guiding structures.
Due to the crystallographic properties of InP, the wet etch al-
lows the definition of two different trench shapes, as indicated
in Fig. 11.

When the cross section under consideration is perpendicular
to the major flat (cross section A), the trench results in a trian-
gular shape (V-groove), Fig. 12, due to the preferential etching
along the (111) InP crystallographic orientation. While the aper-
ture, w, depends on the mask aperture in the photolithographic
process, the trench maximum depth is precisely defined by:

h =
w

2
tan α (11)

where α is 54.7°. When the cross section is parallel to the major
flat (cross section B), the resulting trenches have a rectangular-
like (U-groove) shape, Fig. 13.

We have fabricated deep trenches for both cross sections by
considering different apertures: w = 20 μm, 50 μm, 100 μm,
150 μm, 200 μm, 250 μm and three different etching times:
t1 = 30 min, t2 = 70 min, and t3 = 100 min.

In general both V-groove and U-groove are feasible and can
be applied to isolate passive and active components. However,

Fig. 12. SEM pictures of deep trenches fabricated in InP. From the top, the
etch time are respectively 30, 70 and 100 minutes. The bottom pictures report
the zoom of a few V-groove trenches.

Fig. 13. SEM pictures of deep trenches fabricated in InP. From the top, the
etch time are respectively 30, 70 and 100 minutes. The bottom pictures report
the zoom of a few U-groove trenches.

to validate the trench effects we consider just the V-groove (V1,
V2 and V3) because in our PIC the SOAs are parallel to the
major flat of the InP wafer.

In detail Fig. 14 shows the heat distribution when the trenches
V1 and V2 are applied in the same test structure described in
Fig. 2, in comparison with the case without trench.

In Both cases the trenches are positioned in the middle be-
tween the SOA and the left arm of the modulator: it means that
the parameter g, as defined in Fig. 10 is: g = d/2.

The air gap introduced through the aperture of the trenches
represents a thermal isolation between the SOA and the MZ.
Fig. 15, shows how for both cases, d = 60 μm and d =
130 μm, that the introduction of the trenches is beneficial to
reduce ΔVi . w = 0 is the case without trenches already dis-
cussed experimentally and numerically in Section IV.

The current injected in the SOA is I = 100 mA. For instance,
when d = 60 μm, the trench V2 allows the reduction of ΔVi

from 1.9 V (ER = 5 dB) to 1.2 V (ER = 7 dB), indicating the
improvement of the ER of 2 dB.

The deepest trench considered in our fabrication has depth
h = 70 μm (w = 100 μm). It is still not critical from the
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Fig. 14. Heat transfer from the SOA in presence of triangular trenches. The
trenches considered are V1 and V2 (bottom picture). In all the cases above
reported is d = 60 μm and I = 100 mA.

Fig. 15. ΔVi reduction due to the introduction of V-groove trenches. The
trenches are positioned in the center between the SOA and the MZ. w = 0 is
the case without trenches. The injected current is I = 100 mA,

mechanical point of view and we did not notice any chip damage.
Moreover the trenches are localized around the active compo-
nents and they do not affect the whole chip area.

By means of simulations, we also show how the position of
the trenches affects the thermal crosstalk.

As a benchmark we consider the data reported in Fig. 16
for d = 130 μm. The trenches considered in Fig. 16 are V1
and V2. The parameter g, has been varied up to 30μm in both
positive and negative values along the x-coordinates. In both
cases a slight reduction of ΔVi with respect to the case g = 0
is reported. Intuitively, when the trench is closer to the SOA, it
forces the heat to diffuse in the direction of the substrate, while
the trench closer to the MZ reduces the temperature mismatch
between the MZ arms, resulting in a lower ΔVi.

However, the estimated variations are not relevant to further
reduction in thermal crosstalk and we feel it is preferable to
define the trench mid-way between SOA and MZ to release

Fig. 16. Trenches position variation. The trench is shifted of 30 μm in both
left and right directions respect to the initial configuration g = 0.

the fabrication constraints related to the alignment of the litho-
graphic mask used to define the trenches.

VI. CONCLUSION

Deep trenches have been fabricated in indium phosphide by
wet etching and used as solution to reduce the thermal crosstalk
between active and passive components. An electro-thermal
model has been developed to model the phenomena. The good
agreement between the measured and the simulated data show
how deep trenches improve the thermal isolation between com-
ponents.

It results in a) reduction of unwanted thermal effects that may
lead to malfunction or out of specification performance of a
PIC, b) possibility to reduce the distance between components
and then to increase the PIC density: it also means the reduction
of the PIC cost. The definition of the deep V-groove through
wet etching is a fast and reproducible process and we did not
notice mechanical problems up to the etch depth of 70 μm.
Conversely, the main limitation of the V-groove is related to
the impossibility to have the width and the depth of the trenches
independent with each other: a deeper trench also corresponds to
wider trenches that intrinsically limit the achievable minimum
distance between components.

Another solution to investigate is based on the dry etch of the
InP to makes the width and the depth of the trenches independent
to each other. The best approach to isolate as much as possible
the passive components, consists in etching completely the InP
around them. In that sense the introduction of deep rectangular
shaped trenches will be necessary to further reduce the thermal
crosstalk effects.”

REFERENCES

[1] M. K. Smit, “New focusing and dispersive planar component based on an
optical phased array,” Electron. Lett., vol. 24, no. 7, pp. 385–386, 1988.

[2] M. R. Amersfoort, C. R. De Boer, Y. S. Oei, B. H. Verbeek, P. Demeester,
F. H. Groen, and J. W. Pedersen, “High performance 4-channel PHASAR
wavelength demultiplexer integrated with photodetectors,” in Proc. 19th
Eur. Conf. Opt. Commun., (ECOC 1993), vol. 3 1993, pp. 49–52.

[3] M. Zirngibl, C. H. Joyner, and P. C. Chou, “WDM receiver by mono-
lithic integration of an optical preamplifier, wave-guide grating router and
photodiode-array,” Electron. Lett., vol. 31, no. 7, pp. 581–582, 1995.



4870 JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 32, NO. 24, DECEMBER 15, 2014

[4] M. Zirngibl and C. H. Joyner, “12 frequency WDM laser-based on a
transmissive waveguide grating router,” Electron. Lett., vol. 30, no. 9,
pp. 701–702, 1994.

[5] A. A. M. Staring, L. H. Spiekman, J. J. M. Binsma, E. J. Jansen, T.
Van Dongen, P. J. A. Thijs, M. K. Smit, and B. H. Verbeek, “9 chan-
nel multi-wavelength laser,” IEEE Photon. Technol. Lett., vol. 8, no. 9,
pp. 1139–1141, Sep. 1996.

[6] ASIP Three-Five Photonics. [Online]. Available: www.rle.mit.edu/cips/
conference04/Pennings ASIP.pdf

[7] R. Nagarajan, C. H. Joyner, R. P. Schneider, J. S. Bostak, T. Butrie,
A. G. Dentai, V. G. Dominic, P. W. Evans, M. Kato, M. Kauffman, D. J.
H. Lambert, S. K. Mathis, A. Mathur, R. H. Miles, M. L. Mitchell, M.
J. Missey, S. Murthy, A. C. Nilsson, F. H. Peters, S. C. Pennypacker, J.
L. Pleumeekers, R. A. Salvatore, R. K. Schlenker, R. B. Taylor, T. Huan-
Shang, M. F. Van Leeuwen, J. Webjorn, M. Ziari, D. Perkins, J. Singh,
S. G. Grubb, M. S. Reffle, D. G. Mehuys, F. A. Kish, and D. F. Welch,
“Large-scale photonic integrated circuits,” IEEE J. Sel. Topics Quantum
Electron., vol. 11, no. 1, pp. 50–65, Jan./Feb. 2005.

[8] S. W. Corzine, P. Evans, M. Fisher, J. Gheorma, M. Kato, V. Dominic,
P. Samra, A. Nilsson, J. Rahn, I. Lyubomirsky, A. Dentai, P. Studenkov, M.
Missey, D. Lambert, A. Spannagel, R. Muthiah, R. Salvatore, S. Murthy,
E. Strzelecka, J. L. Pleumeekers, A. Chen, R. Schneider Jr., R. Nagarajan,
M. Ziari, J. Stewart, C. H. Joyner, F. A. Kish, and D. F. Welch, “Large-
scale InP transmitter PICs for PM-DQPSK fiber transmission systems,”
IEEE Photon. Technol. Lett., vol. 22, no. 14, pp. 1015–1017, Jul. 2010.

[9] G. Gilardi and M. Smit, “Generic InP-based integration technology:
Present and prospects,” Prog. Electromagn. Res., vol. 46, pp. 23–35, 2014.

[10] M. Smit, X. Leijtens, H. Ambrosius, E. Bente, J. van der Tol, B. Smal-
brugge, T. de Vries, E. J. Geluk, J. Bolk, R. van Veldhoven, L. Augustin,
P. Thijs, D. D’Agostino, H. R. Haghighi, K. Lawniczuk, S. Stopinski, S.
Tahvili, A. Corradi, E. Kleijn, D. Dzibrou, M. Felicetti, E. Bitincka, V.
Moskalenko, J. Zhao, R. Santos, G. Gilardi, W. Yao1, K. Williams, P. Sta-
bile, P. Kuindersma, J. Pello, S. Bhat, Y. Jiao, D. Heiss, G. Roelkens, M.
Wale, P. Firth, F. Soares, N. Grote, M. Schell, H. Debregeas, M. Achouche,
J. L. Gentner, A. Bakker, T. Korthorst, D. Gallagher, A. Dabbs, A. Melloni,
F. Morichetti, D. Melati, A. Wonfor, R. Penty R. Broeke, B. Musk, and D.
Robbins, “An introduction to InP-based generic integration technology,”
Semicond. Sci. Technol., vol. 29, no. 083001, pp. 1–41, 2014.

[11] B. Klepser and H. Hillmer, “Investigations of thermal crosstalk in laser
arrays for WDM applications,” J. Lightw. Technol., vol. 16, no. 10,
pp. 1888–1903, Oct. 1998.

[12] P. Kozodoy, T. A. Strand, Y. A. Akulova, G. Fish, C. Schow, P-C. Koh,
Z. Bian, J. Christofferson, and A. Shakouri, “Thermal effects in mono-
lithically integrated tunable laser transmitters,” Trans. Compon. Packag.
Tech., vol. 28, no. 4, pp. 651–657, 2005.

[13] N. P. Caponio, M. Goano, I. Maio, M. Meliga, G. P. Bava, G. Destefanis,
and I. Montrosset, “Analysis and design criteria of three-section DBR
tunable lasers,” J. Sel. Areas Commun., vol. 10, no. 6, pp. 1203–1216,
1990.

[14] G. Gilardi, W. Yao, H. Rabbani Haghighi, M. K. Smit, and M. J. Wale,
“Substrate thickness effects on thermal crosstalk in InP-based photonic
integrated circuits,” J. Lightw. Technol., vol. 32, no. 17, pp. 3061–3066,
Sep. 2014.

[15] M. N. Sysak, D. Liang, R. Beausoleil, R. Jones, and J. E. Bowers, “Thermal
management in hybrid silicon lasers,” in Proc. Opt. Fiber Commun. Conf.,
Silicon Photonic Transmitters OTh1D, 2013.

[16] B. Guha, A. Gondarenko, and M. Lipson, “Minimizing temperature sen-
sitivity of silicon Mach–Zehnder interferometers,” Opt. Exp., vol. 18,
no. 3, pp. 1879–1887, 2010.

[17] G. Gilardi, D. Donisi, A. Serpenguezel, and R. Beccherelli, “Liquid crys-
tal tunable filter based on microsphere resonators,” Opt. Lett., vol. 34,
pp. 3253–3255, 2009.

[18] G. Gilardi, R. Asquini, A. D’alessandro, and G. Assanto, “A widely tun-
able electro-optic distributed Bragg reflector in liquid crystal waveguide,”
Opt. Exp., vol. 18, pp. 11524–11529, 2010.

[19] G. Gilardi, L. De Sio, R. Beccherelli, R. Asquini, A. D’alessandro,
and C. Umeton, “Observation of tuneable optical filtering in photosen-
sitive composite structures containing liquid crystals,” Opt. Lett., vol. 36,
pp. 4755–4757, 2011.

[20] J. Ptasinski, I.-C. Khoo, and Y. Fainman, “Nematic liquid crystals for
temperature stabilization of silicon photonics,” in Proc. Photon. Switching,
JT3A.20, Jul. 2014.

[21] G. Gilardi, L. De Sio, R. Beccherelli, R. Asquini, A. D’alessandro, and
C. Umeton, “All-optical and thermal tuning of a Bragg grating based
on photosensitive composite structures containing liquid crystals,” Mol.
Cryst. Liq. Cryst., vol. 558, pp. 64–71, 2012.

[22] F.-L. Chao, “Trench structure improvement of thermo-optic waveguides,”
Int. J. Appl. Sci. Eng., vol. 5, no. 1, pp. 1–5, 2007.

[23] A. M. Al-Hetar, M. A. Sahmah, A. B. Mohammad, and I. Yulianti,
“Crosstalk improvement of a thermo-optic polymer waveguide MZI–MMI
switch,” Opt. Commun., vol. 281, pp. 5764–5767, 2008.

[24] [Online]. Available: www.comsol.com
[25] S. Murata, H. Nakada, and T. Abe, “Theoretical and experimental evalua-

tion of the effect of adding a heat bypass structure to a laser diode array,”
Jpn. J. Appl. Phys., vol. 32, pp. 1112–1119, 1993.

[26] G. E. Moore, Properties of InP, INSPEC, EMIS Datareviews Series
No. 6, 1991.

[27] D. Melati, F. Morichetti, G. G. Gentili, and A. Melloni, “Optical radiative
crosstalk in integrated photonic waveguides,” Opt. Lett., vol. 39, no. 13,
pp. 3982–3985, 2014.

[28] W. Yao, G. Gilardi, M. K. Smit, and M. Wale, “Performance degradation
of integrated modulator arrays due to electrical crosstalk,” in Proc. Integr.
Photon. Res., Silicon, Nanophoton., IW3A.3, Jul. 2014.

[29] F. G. Della Corte, G. Cocorullo, and I. Rendina, “Temperature dependence
of the thermo-optic coefficient of InP, GaAs, and SiC from room temper-
ature to 600 K at the wavelength of 1.5 μm,” Appl. Phys. Lett., vol. 77,
no. 1614–1616, 2000.

Authors’ biographies not available at the time of publication.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


