W) Check for updates

ORIGINAL PAPER

www.lpr-journal.org

Low Power Reconfigurability and Reduced Crosstalk in
Integrated Photonic Circuits Fabricated by Femtosecond
Laser Micromachining

Francesco Ceccarelli,* Simone Atzeni, Ciro Pentangelo, Francesco Pellegatta,
Andrea Crespi, and Roberto Osellame

Femtosecond laser writing is a powerful technique that allows rapid and
cost-effective fabrication of photonic integrated circuits with unique 3D
geometries. In particular, the possibility to reconfigure such devices by
thermo-optic phase shifters represents a paramount feature, exploited to
produce adaptive and programmable circuits. However, the scalability is
strongly limited by the flaws of current thermal phase shifters, which require
hundreds of milliwatts to operate and exhibit large thermal crosstalk. In this
work, thermally-insulating 3D microstructures are exploited to decrease the
power needed to induce a 2z phase shift down to 37 mW and to reduce the
crosstalk to a few percent. Further improvement is demonstrated when
operating in vacuum, with sub-milliwatt power dissipation and negligible
crosstalk. These results pave the way toward the demonstration of complex
programmable integrated photonic circuits fabricated by femtosecond laser

writing, thus opening exciting perspectives in integrated quantum photonics.

claim and several physical effects!>* can
be exploited to obtain controlled and dy-
namically adjusted phase shifts between
optical signals. However, many applica-
tions in QIP actually require only a quasi-
static reconfiguration of the circuit oper-
ation, either to finely tune a few circuit
parametersl®! or to completely change the
implemented unitary transformation.!®!
To this purpose, a commonly exploited
approach is to harness the dependence
of the refractive index on the local tem-
perature: the thermo-optic effect. Ther-
mal phase shifting has a straightforward
implementation, because it requires only
the integration of an electrical micro-
heater (i.e., usually a resistor that dis-

1. Introduction

Integrated photonics is considered today an enabling technology
capable of providing a level of miniaturization and complexity
hardly attainable with bulk optical components and thus attract-
ing a lot of attention from photonic quantum information pro-
cessing (QIP).Il In addition, excellent phase stability is surely
among the qualities that photonic integrated circuits (PICs) can
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sipates electrical power by Joule effect),
it does not introduce additional photon

losses and, at the same time, it provides

an excellent performance in terms of stability and accuracy.

Silicon on insulator (SOI)78! is a PIC platform that repre-
sents today the gold standard in terms of miniaturization, den-
sity of components and scaling to mass production. However,
at present, several other PIC technologies are also adopted in
the most advanced QIP experiments. These include silica on
silicon,!?! silicon nitride, 2% lithium niobate,*!] UV laser written
circuits,!'?] and femtosecond laser writing (FLW).[*3] In particu-
lar, FLW of silicate glasses is a fabrication platform which intrin-
sically inherits all the advantages of the silica-based technologies
(i-e., wide transparency wavelength range and efficient coupling
with standard optical fibers and off-the-shelf optical components)
and, at the same time, alleviates the strict constraints of the pla-
nar photolithographic process, as demonstrated by the results
published in the last decade.l'*!>] As a matter of fact, FLW does
not require a photolithographic mask, thus allowing for rapid
and cost-effective fabrication of photonic circuits with arbitrary
topology!'®! and, since the laser induces a modification confined
in the focal volume of the beam, this technique enables the di-
rect inscription of circuits featuring 3D waveguide geometries
that would be unfeasible with a planar process.!'”! Furthermore,
femtosecond laser written PICs (FLW-PICs) allows one to fab-
ricate low birefringence waveguides (down to 1.2E-6['81), which
are mandatory for QIP applications in which the information is
encoded in the polarization state of single photons. This feature
goes together with low propagation losses (less than 0.3 dB cm™!

© 2020 The Authors. Published by Wiley-VCH GmbH
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at 1550 nml!'®]), which are essential to scale the number of sin-
gle photons processable in a QIP experiment. Last, FLW can be
employed to process a wide range of materials beyond silicate
glasses, enabling the investigation of integrated quantum com-
ponents like sources!™! or memories!?! in order to produce hy-
brid integrated circuits able to exploit the best performance of
each component required by QIP.[2122]

The introduction of thermal phase shifters in FLW-PICs has
greatly extended both the quality and the applicability of these
devices.?>»] However, some design challenges prevent their de-
ployment on a larger scale. First, thermal shifters in FLW-PICs
suffer from high power consumption and, up to now, a 2z phase
modulation has been demonstrated only with a dissipation of
hundreds of milliwatts.[*2%] Since the total power dissipation that
a photonic circuit can tolerate with no active cooling is lim-
ited to few watts, the total number of thermal shifters that can
be integrated in the same chip is usually limited to no more
than a dozen.?®! Another obstacle is represented by the thermal
crosstalk: indeed, when a thermal shifter dissipates power, the
heat can also reach waveguides different from the target one, in-
ducing on them an undesired phase shift. To achieve an accurate
phase control when multiple phases are tuned simultaneously,
a massive calibration procedure is required including all possi-
ble combinations of dissipated powers in the different shifters,
to also take into account that thermal shifters may have a non-
linear response with temperature.[’] This also means that all
thermal shifters will have to be adjusted even if only one phase
needs to be varied. Moreover, the additive nature of the crosstalk
may require to set the waveguide temperature for a given phase
shift at a much higher value than that required when operat-
ing the thermal shifters individually, thus jeopardizing both the
stability of the phase response and the reliability of the micro-
heater. Since the thermal crosstalk depends on the distance be-
tween thermal shifter and waveguides, a reduction of this phe-
nomenon is necessary to increase the integration density of re-
configurable FLW-PICs that, up to now, have never been re-
ported with an inter-waveguide pitch lower than 100 pm.[?¢! In
order to cope with these challenges, some solutions have been al-
ready proposed in the literature. On the one hand, in a previous
work[?’] we have proved that the power dissipation can be mod-
erately reduced with a compact design of the microheater and,
thanks to this approach, we have demonstrated a 2z phase shift
for light at 800 nm by dissipating only 200 mW. On the other
hand, Chaboyer et al.?®] have achieved a similar level of power
dissipation, along with some reduction of the thermal crosstalk,
by introducing an isolation trench between the two arms
of a thermally-reconfigurable Mach—Zehnder interferometer
(MZI).

In this work, by 3D structuring the glass we are able to signif-
icantly concentrate the heat diffusion around the waveguide on
which we want to induce the phase shift. This novel approach
enables orders-of-magnitude reduction of the dissipated power
and of the thermal crosstalk, allowing us to present a new
generation of thermal phase shifters in glass photonic circuits
with great potential for scalability and compactness. Power
dissipation, dynamic response, thermal crosstalk, and stability
of the phase response are thoroughly characterized both in air
and in vacuum, where we achieve an unprecedented level of
performance.
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2. Device Structure and Operation

Without loss of generality, the discussion will be restricted to re-
configurable MZIs, which represent the basic building blocks for
a universal multiport device able to implement any unitary trans-
formation of a photonic quantum state.*”! The interferometers
are inscribed in a boro-aluminosilicate glass (Corning EAGLE
XG,?% 1.1 mm thick) and optimized for single-mode operation at
1550 nm wavelength. The basic structure of the MZI is depicted
in Figure 1a: the optical waveguides are inscribed at 30 pm be-
low the chip surface, forming an optical circuit composed of two
3 dB directional couplers (interaction length 1.2 mm, coupling
distance 9 pm), that are connected by sinusoidal S-bend waveg-
uides (minimum radius of curvature 45 mm) to the central arms
of the interferometer (two straight waveguides having length L
and distance p). Light propagation is characterized by losses of
0.29 dB cm™! and a mode diameter (1/¢?) of 9 pm. Such a cir-
cuit enables the coupling to standard single-mode optical fibers
(SMF-28) with losses as low as 0.27 dB per facet.

Given coherent light injected in one of the two input ports,
the optical power I, measured at one of the two outputs can be
modulated by acting on the phase difference ¢ that is present
between the two optical paths. Mathematically speaking

I
L= % [1+vcosq] (1)

where I is the sum of the two output optical powers and v is
the visibility of the interference fringe. In order to tune the phase
difference ¢, we exploit a Cr-Au resistive microheater (length L,
= L and width W,) fabricated on top of one of the two central
arms (see Figure 1a). Given the linearity of the heat equation and
assuming a linear relation between refractive index and temper-
ature change of the substrate, we can model the phase difference
@ between the two arms asl*!

®=®+aP 2)

where @ is the phase difference when the microheater is not bi-
ased, a is the tuning coefficient of the interferometer and P is
the thermal power emitted by the resistive microheater. This is
equivalent to the electrical power dissipated by Joule effect on
such resistance, which in our experiments was retrieved by elec-
trical measurements using the known relation P = VI, where V
is the voltage drop across the resistor and I is the current passing
in it. In order to induce a given phase difference with minimal
power dissipation, it is necessary to maximize the tuning coeffi-
cient a. To this aim, it is useful to derive an analytical expression
for this parameter. Considering an infinitesimal waveguide seg-
ment having length dI, the corresponding phase d¢ induced by
the microheater is

2
dp = ZT”An(l) dl = ”T”‘AT(l) dl (3)

where 1 is the wavelength, An(l) and AT(]) are, respectively, the
refractive index and the temperature difference between the two
waveguides at a given coordinate I, and n, is the thermo-optic
coefficient of the substrate. By integrating Equation (3) over the
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Figure 1. The reconfigurable MZIs used to demonstrate the capabilities of the new technological platform. a) Basis structure of the device with no isola-
tion structures. b) Cross section of the device with deep isolation trenches. c) Cross section of the device with the bridge waveguide. d) Photomicrograph
of the isolation trenches (D, = 150, 300, 450 pm) seen through the side of the substrate. e) Photomicrograph of the bridge waveguide seen through the

side of the substrate.

entire optical path y and substituting Ap = ¢ — ® into Equation
(2), one reads

=2 ey 4
= 7 P i P P “)

Ap  2mn, / AT () e 2zn, AT _ 27n, -

Y

where we have introduced the linear power dissipation density P
= P/L and the thermal efficiency factor R = AT/P. The approxi-
mation in Equation (4) is valid whenever L is much greater than
the transverse dimensions of the device. Indeed, in this condi-
tion the thermal problem can be studied with a 2D geometry, in
which the heat flux is always orthogonal to the light propagation
and in which there exists a temperature difference AT that is con-
stant and different from zero only for a length L, as long as the
waveguide is beneath the microheater. The quantity R has the di-
mensions of a 2D thermal resistance and depends only on the
transverse geometry of the device and on the thermal conductiv-
ity k of the substrate. For given material and wavelength, R rep-
resents the only degree of freedom for the optimization of a. In
particular, this factor can be increased by avoiding the heat diffu-
sion all over the chip and, thus, by thermally isolating the target
waveguide from the rest of the circuit. Of course, this approach
is beneficial also for the thermal crosstalk between different in-
tegrated interferometers in the same substrate.

Two different isolating structures are investigated in this work:
deep isolation trenches (Figure 1b) and the bridge waveguide
(Figure 1c). On the one hand, the isolation trenches (Figure 1b)
are fabricated by removing glass boxes (dimensions L, X W, X D)
from both sides of the microheater. They are removed as close as
possible to the waveguide, in order to limit the portion of glass
subject to the heating and to reduce the width W of the slab that
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thermally connects the waveguide to the rest of the circuit. A
nominal width W = 20 um represents a value that, given the di-
mensions of the optical mode, does not affect the insertion losses
of the circuit and, at the same time, is compatible with the fabri-
cation of a microheater that occupies all the area between the two
trenches (i.e., W, = W). The dimensions of the boxes are chosen
to match the length of the microheater (i.e., L, = L, = L) and to
allow the reduction of the inter-waveguide pitch p down to 80 pm
(i-e., W, =p— W= 60 pm). A photomicrograph of deep isolation
trenches having D, = 150, 300, 450 pm is reported in Figure 1d.
On the other hand, the bridge waveguide (Figure 1c) is a struc-
ture based on the former one, but in which the glass is removed
also under the optical path, thus leaving the waveguide inside a
suspended bridge whose section has nominal dimensions W =
20 pm and D = 60 pm. The dimensions of the lateral boxes are
L,=L =L, W,=60pum, and D, = 90 pm. A photomicrograph of
a bridge waveguide is reported in Figure 1e.

3. Experimental Section

To show the capabilities of the new technology, we report here
the results of the experimental characterization performed on the
photonic circuits described in Section 2. A detailed description of
fabrication processes, experimental setups, and simulation tech-
niques is reported in the Supporting Information.

3.1. Power Dissipation
The electrical power P,, that a microheater must dissipate to in-

duce the maximum useful phase shift (i.e., Ap = 2x) is directly
related to the tuning coefficient a through the relation

© 2020 The Authors. Published by Wiley-VCH GmbH
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Figure 2. Power dissipation necessary to induce a complete phase shift on a MZI. a) Power dissipation P,, as a function of the trench depth D,. The
simulation line is achieved by considering thermal leakage through the air gaps. Inset: lumped-element model of the 2D thermal problem assuming
no conduction through the air gaps. b) Normalized optical power I ;" as a function of the electrical power P dissipated by a microheater on a bridge

waveguide.

P2 = — = (5)

This quantity has been experimentally characterized on re-
configurable MZIs (L = 3 mm, p = 127 pm) featuring isolation
trenches with depth D, ranging from 0 (no trenches) to 450 pm.
The power dissipation P, is reported in Figure 2a as a function
of the depth D;: the use of isolation trenches allows a reduction
of the power dissipation of more than an order of magnitude,
from 611 mW for a MZI with no isolation, to 57 mW for a MZI
with trenches 450 pm deep. It is clear from Figure 2a that, for
D, > 300 pm, the power dissipation has already saturated to the
minimum value and a further increase of the thermal isolation
produces no effect on the MZI performance. However, modeling
such phenomenon by considering heat dissipation only through
the glass slab underneath the microheater does not predict this
saturation trend. Indeed, by considering a trench depth D, suffi-
ciently large, the 2D thermal resistance Ry, (see the inset of Fig-
ure 2a) between the microheater and the heat sink at the bottom
of the substrate (fixed at room temperature T, ) can be calcu-
lated as

Dt

Rslab = W (6)
This quantity determines the temperature of the target waveg-

uide, thatis T, = T,,,, + Ry, P. By assuming negligible heating

room
on the second arm of the MZI (i.e., T, = T,,,,,), the temperature

room
difference between the waveguides is AT = R, P and, therefore,
the thermal efficiency factor is R = R,,. In conclusion, Equation

(5) becomes

kW
2z ”tDt

)

It is clear from Equation (7) that, for an increasing trench
depth D,, the power dissipation P,, should approach zero. On
the contrary, the saturation observed during the experimental
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characterization is consistent with the presence of a thermal
leakage that breaks the isolation achieved with the trenches.
Indeed, finite-element simulations demonstrate that, by taking
into account the thermal conduction through the air gaps, the
experimental behavior can be predicted with an error that is
lower than 12% over the entire dataset (see Figure 2a).

Even though the presence of air limits the effectiveness of the
isolation structures, a further reduction of the power dissipation
P, can be achieved with the bridge waveguide. Figure 2b reports
the normalized optical power I, measured at one of the output
ports of a MZI as a function of the electrical power P dissipated
by a microheater on a bridge waveguide: a complete reconfigura-
tion is achieved with a power dissipation as low as 37 mW. The
experimental dataset is reported along with its best sinusoidal
fit, obtained by exploiting the mathematical model described by
Equations (1) and (2).

3.2. Dynamic Response

As shown in the previous section, thermal isolation has a benefi-
cial effect on the static power dissipation P,,. However, a higher
isolation can slow down the dynamic response of the device and,
thus, increase the switching time 7 (10 to 90%) necessary for the
reconfiguration. In order to take into account both the effects, sil-
icon PICs are usually compared with the aid of a figure of merit
(FOM) based on the product of these two quantities.”] However,
in order to compare devices operating at different wavelengths, it
is possible to introduce a more general FOM, based on the former
one and defined as

P, t
A

FOM =

(®)

Step response and FOM have been assessed by using the ther-
mal shifter to induce a phase change Ap = = in a MZI, cor-
responding to a complete switch of the optical power from an
output port to the other. The switching time 7 is reported in

© 2020 The Authors. Published by Wiley-VCH GmbH
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Figure 3. Dynamic response to a voltage step inducing a phase change A = 7. a) Switching time 7 and corresponding FOM as a function of the trench
depth D;. b) Normalized optical power I, as a function of the time t for a MZI with no isolation, with isolation trenches (D, = 300 pm) and with a

bridge waveguide.

Figure 3a for the same MZIs presented in the previous section:
isolation trenches slow down the step response, with a switching
time that goes from 12 ms, for a MZI with no trenches, to 46 ms,
for a MZI with a trench depth D, = 450 pm. However, if this wors-
ening is considered along with the strong improvement in terms
of static power dissipation, it is possible to conclude that the over-
all performance of the device benefits from the use of isolation
trenches. This fact is quantified by the FOM, that is reported in
Figure 3a along with the switching time: indeed, by introducing
the isolation trenches the FOM improves (i.e., decreases) of about
a factor of 3, starting from 4730 Ws m™ and saturating down
to about 1500 Ws m~!. Again, it is worth noting that isolation
trenches deeper than 300 pm do not provide any improvement.

Finally, Figure 3b reports a comparison between the step re-
sponses, normalized to the final steady state value, for a MZI with
no isolation, with isolation trenches (D, = 300 pm) and with a
bridge waveguide. The latter features a switching time 7 = 33 ms,
that is comparable to the one achieved with the trenches. Given
the lower dissipated power, this result leads to a further improve-
ment of the FOM that reaches a value as low as 788 Ws m~!. Here
we report only the heating transients, however it is worth stress-
ing that both the heating and the cooling process have compara-
ble switching time, as already reported for silicon circuits featur-
ing suspended waveguides.?!]

3.3. Thermal Crosstalk

Up to now, we have considered a single MZI and the effects of
a thermal shifter fabricated right upon it. However, due to ther-
mal crosstalk, an interferometer can be affected also by the power
dissipated in close-by devices, resulting in an undesired contri-
bution Ag,, to the actual phase ¢. Under the linearity hypothesis
stated in the former sections, the total phase ¢ induced on a given
MZI can be modeled by generalizing Equation (2) as

N-1

@ =®+Ap,+Ap, =P +a,Py+ Y oP, 9)
i=1
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where N is the total number of thermal shifters integrated in the
device and the subscript 0 refers to the microheater right upon
the MZI. In order to guarantee an effective control on the phase
@, the phase contribution Ag_, induced by the other microheaters
has to be as low as possible.

Thermal crosstalk has been measured on three groups of four
MZIs each (L = 3 mm, p = 127 pm). In all the three groups there
is one MZI with a microheater on top, each characterized by a
different isolation approach (no isolation, isolation trenches hav-
ing depth D, = 300 pm, and the bridge waveguide). As depicted
in Figure 4a, the four interferometers in each group have a differ-
ent distance x from the microheater, that ranges from x = 0 pm
(MZI fabricated beneath the thermal shifter) to x = 6p = 762 pm
(separation step Ax = 2p = 254 pm). A comparison among the
three isolation approaches is reported in Figure 4b in terms of the
phase shift Ap as a function of the distance x. When the thermal
shifter induces a 27z phase shift on the target interferometer (i.e.,
at x = 0 um), the phase shift on the next-neighbor MZI (i.e., x =
254 pm) is A, = 3.64 rad when no isolation is used. On the con-
trary, by exploiting one of the two isolation strategies, this value
reduces to 0.23 rad for the trenches and to 0.27 rad for the bridge
waveguide (corresponding to 3.7% and 4.3%, respectively, of the
phase induced on the target). For MZIs that are further apart, the
slope of the three curves is very similar, consistently with the fact
that no isolation is replicated on these interferometers and, thus,
all the improvement is gained in the isolation structure produced
around the microheater.

3.4. Miniaturization

The reduction of the optical circuit dimensions would be advan-
tageous not only to increase the integration density attainable
with this platform, but also to reduce the insertion losses of the
device as the propagation distance would be diminished. First,
it is interesting to investigate the scaling of the inter-waveguide
distance p. A few problems can arise when reducing this param-
eter: indeed, by adopting p = 80 pm in interferometers that are
not isolated, the power P, dissipated by a thermal shifter set at

© 2020 The Authors. Published by Wiley-VCH GmbH
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Figure 4. Thermal crosstalk induced by a thermal shifter on different MZlIs. a) Group of four MZIs used to characterize the phase induced by a shared
microheater as a function of the distance x. b) Phase shift Ag as a function of the distance x between microheater and MZIs with no isolation, with
isolation trenches (D, = 300 ym) and with a bridge waveguide. The inter-waveguide pitch is p = 127 pm. The dashed lines are guides for the eye.

A@ = 27 increases from 611 to 776 mW, while the phase Ag,,
induced by the same thermal shifter on an adjacent MZI (ie.,
x = 160 pm) increases from 3.64 to 4.48 rad. On the contrary,
the detrimental effects of the scaling are not observed on MZIs
isolated with trenches (D, = 300 pum): indeed, by adopting p
= 80 pm on such interferometers, the power dissipation P,,
remains as low as 57 mW, while the phase shift Ag,, induced on
the adjacent MZIs remains as low as 0.22 rad (3.5% of the phase
induced on the target).

Second, another parameter that is desirable to scale is the ther-
mal shifter length L. Since the thermal efficiency factor R does
not depend on L, by considering Equation (4) one may think that
this parameter can be reduced as much as we want, with no effect
on the tuning performance of the circuit. Actually, this is not true:
while the power dissipation P needed to induce a given phase ¢
is not dependent on L, the corresponding temperature difference
AT induced between the two arms is inversely proportional to
this parameter. Therefore, the microheater miniaturization leads
to higher operating temperatures that, in turn, can degrade the
resistive materials during the operation of the device. This phe-
nomenon can lead to long-term drifts of the phase ¢ or, in the
worst case, to the breakdown of the thermal shifter. Mathemati-
cally speaking, Equation (5) can be exploited to estimate the max-
imum temperature difference AT,, (i.e., the temperature differ-
ence corresponding to a 2z phase shift) as

A
AT, = — 10
2z ntL ( )

For the microheaters considered so far (L = 3 mm) and
a thermo-optic coefficient n, = 6.8E-6 K~!, the temperature
difference is AT,, = 76 °C. The compatibility of this value
with a stable operation of the thermal shifter has been already
demonstrated,?’] but it is interesting to investigate a further re-
duction of the length L. Therefore, we have characterized the
phase stability of MZIs featuring 1.5 mm long microheaters on
bridge waveguides, corresponding to an estimated temperature
difference AT,, = 152 °C. Figure 5a reports the phase ¢ moni-
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tored from the output power distribution of such an interferom-
eter, continuously operating for almost 13 h. The thermal shifter
induces a constant phase ¢ = %7[ avalue that guarantees the max-
imum sensitivity of the measurement (see Equation (1)) and, at
the same time, a temperature difference close to the maximum
one. No evidence of long-term drifts is present, while the short-
term phase fluctuations are characterized by a small standard de-
viation of 23.5 mrad. Such fluctuation includes the effects strictly
due to the thermal shifter, but also those due to the experimen-
tal setup (e.g., laser power fluctuations, alignment instabilities,
room temperature changes, etc.). In order to isolate the contri-
bution of the thermal shifter, the electrical resistance of the mi-
croheater has been monitored over the whole period of the mea-
surement. Figure 5b reports this quantity as a function of the
time: the standard deviation is as low as 59 mQ, corresponding
to a phase variation of only 5.3 mrad. This is the value that could
be achieved by the thermal tuning process if no other sources of
fluctuations were present.

Finally, we investigated the electrical reliability of these devices
on longer periods. To this aim, three microheaters have been con-
tinuously operated for over 2 weeks, with no evidence of damages
or drifts of the electrical properties of the microheater.

3.5. Performance in Vacuum

The experimental characterization presented so far demonstrates
that the performance of these 3D-structured reconfigurable cir-
cuits is limited by the presence of air. Therefore, in order to in-
vestigate the possibility of further improving both the power dis-
sipation and the thermal crosstalk, we have repeated in a vacuum
chamber the main steps of the experimental characterization for
a MZI (L = 3 mm, p = 127 pm) featuring a bridge waveguide.
Thanks to a two stage pumping system, the experimental setup
allows measurements at two different vacuum levels: a medium
vacuum, corresponding to an absolute pressure P = 1.1E-4 bar,
and a high vacuum, corresponding to P = 2.7E-7 bar. How-
ever, thanks to the fact that the pressure decreases with a slow

© 2020 The Authors. Published by Wiley-VCH GmbH
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levels achievable with the two stage pumping system.

transient, additional measurements can be collected at in-
termediate pressure values. In this way, the performance
of the MZI can be characterized on an extended pressure
range.

This modus operandi is at the basis of Figure 6a, that reports
the power dissipation P,, as a function of the pressure P: a
value of 1E-3 bar is already enough to achieve P, = 3.49 mW,
an improvement in terms of power dissipation of more than
an order of magnitude with respect to the value measured in
ambient conditions (i.e., P = 1 bar). By waiting for the pressure
to reach the medium vacuum level, the value of P,, drops down
to 1.04 mW. However, the power dissipation has not reached its
minimum value yet: indeed, when the second pumping stage
is turned on, this quantity further decreases and enters the
sub-milliwatt range, with a power dissipation as low as 0.72 mW.
Finally, it is worth noting that, close to the high vacuum level,
the power dissipation P, seems to become independent on the
pressure P and, thus, it is possible to conclude that the mini-
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mum power dissipation achievable with the bridge waveguide is
reached.

The excellent performance in terms of power dissipation is
again counterbalanced by the slowing down of the step re-
sponse. Figure 6b reports the normalized output power I’
as a function of the time t, when the thermal shifter is op-
erated to induce a phase step having amplitude Ap = 7z: the
switching time increases from 33 ms to 0.96 and 1.30 s for the
medium and the high vacuum level. However, the overall per-
formance of the device benefits from the operation in vacuum:
indeed, the corresponding FOM drops to 644 and 604 Ws m™,
respectively.

Finally, the experimental characterization in vacuum has been
concluded with the assessment of the thermal crosstalk perfor-
mance: when the microheater is biased in order to induce a 2z
phase shift on the target MZI, the phase variation measured on
the adjacent interferometer (i.e., x = 254 pm) is as low as A, =
6 mrad (less than 0.1% of the phase induced on the target).

© 2020 The Authors. Published by Wiley-VCH GmbH
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Table 1. Comparison among the best FLW platforms reported so far.

www.lpr-journal.org

Work Wavelength Integration scale Reconfigurability
[nm]
Curvature Inter- Microheater Power Switching FOM [Ws m™1]

radius waveguide length [mm] dissipation time [ms]

[mm] pitch [pm] [mW]
Dyakonov et al.[?6] 800 80 100 3 336-1105 10 4200-13 812
Chaboyer et al.12%] 800 50 254 12.5 200 400 100 000
This work—Bridge in air 1550 45 127 3 37 33 788
This work—Bridge at 1E-4 bar 1550 45 127 3 1 960 644

4, Conclusion

The technological platform that we have presented here demon-
strates that it is possible to integrate state-of-the-art waveguide
circuits inscribed by FLW with isolation structures that allow an
efficient reconfiguration of the device. Indeed, the microstruc-
tures result in no compromise on the optical performance of the
circuit, whose losses are comparable to the best results reported
in the literature for FLW integrated circuits at telecom C-band
wavelength.!1832] In addition, by preserving the 3D capability and
the polarization transparency of the circuits, the microstructures
enhance the potentials of FLW without introducing substantial
limitations. Two different isolation structures have been con-
sidered throughout the article: deep trenches and the bridge
waveguide. Both provide a dramatic decrease in the dissipated
power required to induce a 2z phase shift in a MZI, as well as in
thermal crosstalk, with a better performance of the bridge waveg-
uide. The improvement is also evident when both the static and
the dynamic responses are assessed with the FOM that we have
defined. A comparison among the best results achieved with FLW
is reported in Table 1. The bridge waveguide compares favorably
with the other FLW platforms, resulting the best solution both
in terms of power dissipation and in terms of the overall perfor-
mance, assessed by means of the FOM. Concerning the size of
the FLW circuits, the devices presented in this work have been de-
signed to achieve an integration scale that represents the state of
the art for the FLW platform. With our 3D structuring method, we
have demonstrated short microheaters, with length L = 1.5 mm,
providing an operation stability comparable to that achieved in
longer FLW circuits.?”-?%! In addition, we have also demonstrated
that a reduction of the inter-waveguide pitch, down to p = 80 pm,
can be achieved with negligible effect on both power dissipation
and thermal crosstalk. These results pave the way toward a level
of control, complexity, and integration density never achieved
before in a FLW device, opening exciting scenarios in photonic
QIP.

A more general comparison can be made by considering also
the reconfigurable PIC presented by Harris and co-workers!”#
which represents today the state of the art for the SOI platform.
Regarding the optical circuit, the 8 dB overall losses of the sili-
con PIC are divided into two contributions: 1 dB on-chip losses
(about 0.1 dB/interferometer) and 7 dB of coupling with the ex-
ternal fiber arrays. Our technology shows comparable results in
terms of on-chip losses (about 0.35 dB/interferometer), but cou-
pling losses are more than an order of magnitude lower (only
0.54 dB). Regarding the thermal phase shifters, it is the first time
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that a FLW device shows a comparable performance in terms
of power dissipation and thermal crosstalk with respect to the
best counterpart realized in a SOI platform. Indeed, even when
operated in standard conditions (ambient pressure), our device
shows a P,, = 37 mW (Harris et al..’] P,, = 49 mW) and 3.5%
crosstalk (Harris et al.:'8] 1%). When operated in vacuum, the
performance of our device becomes comparable (P,, = 1.04 mW
and <0.1% crosstalk) with the one of the SOI suspended phase
shifter of Fang and co-workersP®! (P,, = 0.98 mW). However, the
remarkable results in terms of power dissipation and crosstalk
come at a cost: the switching time of the circuit increases up to
960 ms. Nevertheless, for a large set of applications in QIP, once
the target unitary operation is implemented, several data points
need to be acquired in order to collect a significant statistics and
even a switching time in the order of few seconds does not rep-
resent the bottleneck of the overall measurement time.[**34]

All these results are even more remarkable if we think that they
are demonstrated with relatively simple and inexpensive fabrica-
tion apparatuses. This is a not negligible advantage for the ap-
plications, if compared to the massive amount of resources that
is needed to fabricate a PIC based on the SOI technology. In ad-
dition, by introducing trenches or bridges, the fabrication time
of a single interferometer is increased up to only 15 min for a
1.5 mm long thermal phase shifter. This means that, by envi-
sioning the fabrication of a complex PIC like the one reported
by Harris et al.”#! 176 phase shifters would require a total time
of 44 h, still much shorter than the time required for a SOI cir-
cuit fabricated in a multi-project wafer,3%] which is in the order of
months, at the price of thousands of $ mm~2. Finally, it is worth
noting that cost, fabrication time and ease of handling will be
moderately affected by the necessity of a vacuum environment.
Indeed, some applications in QIP might require in any case the
operation in vacuum(®! and, for all the other experiments, it
is possible to encapsulate the device in order to create a local-
ized vacuum around the circuit,*®! a procedure considered to-
day the routine in many integrated devices as inertial microelec-
tromechanical systems (MEMS) or microbolometers. As a final
remark, we would like to point out that reprogrammable quan-
tum processors based on FLW can also operate in the visible and
near-infrared wavelength range, which is an important require-
ment for multiple applications, from quantum memories/?!
to quantum sensing of atomic transitions,*”] free-space quan-
tum key distribution,3® optical circuits coupled to quantum
dot sources®! and room-temperature quantum systems based
on avalanche photodiodes instead of cryogenic single-photon
detectors.[*]

© 2020 The Authors. Published by Wiley-VCH GmbH

95UD17 SUOWILLOD SAIE8ID 3|qeat|dde ay) Aq peusenob ke sepoilie YO ‘8sn JO Sajni Joj Alelq 1 suljuQ 4|1/ UO (SUONIPUOD-pUe-SWB)W0Y" A3 1M ARe1q1BulUO//:SdNY) SUONIPUOD Pue SIS | 841 985 " [7202/20/9¢] uo Areiqiiauliuo A81m ‘'ONVTIIN 1d ODINDTLITOd A9 20000202 10d|/200T 0T/1op/wod A3 |1 Are1q 1 euluo//sdny wolj pepeojumod ‘0T ‘0202 ‘6688E98T



ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

Supporting Information

(1]

www.lpr-journal.org

O. Alibart, V. D’auria, M. De Micheli, F. Doutre, F. Kaiser, L. Labonté,
T. Lunghi, E. Picholle, S. Tanzilli, J. Optics 2016, 18, 104001.

Supporting Information is available from the Wiley Online Library or from  [12] B. J. Metcalf, J. B. Spring, P. C. Humphreys, N. Thomas-Peter, M.
the author. Barbieri, W. S. Kolthammer, X.-M. Jin, N. K. Langford, D. Kundys, |.
C. Gates, B. ). Smith, P. G. R. Smith, I. A. Walmsley, Nat. Photonics
2014, 8, 770.
[13] T. Meany, M. Grife, R. Heilmann, A. Perez-Leija, S. Gross, M.
ACknOWIedgements J. Steel, M. ). Withford, A. Szameit, Laser Photonics Rev. 2015, 9,
This work has received funding from the European Research Council (ERC) 363.
under the European Union’s Horizon 2020 research and innovation pro- [14] M. Tillmann, B. Daki¢, R. Heilmann, S. Nolte, A. Szameit, P. Walther,
gramme (project CAPABLE—Grant agreement No. 742745). A.C. and S.A. Nat. Photonics 2013, 7, 540.
acknowledge support from the Italian Ministry of Education, University [15] A. Crespi, R. Osellame, R. Ramponi, V. Giovannetti, R. Fazio, L. San-
and Research (MIUR), PRIN 2017 programme, project ID 2017SRNBRK. soni, F. De Nicola, F. Sciarrino, P. Mataloni, Nat. Photonics 2013, 7,
The device fabrication was partially performed at PoliFAB, the micro- and 322.
nanofabrication facility of Politecnico di Milano (www.polifab.polimi.it). [16] R.R. Gattass, E. Mazur, Nat. Photonics 2008, 2, 219.
The authors would like to thank the PoliFAB staff (Claudio Somaschini, [17] A. Crespi, R. Osellame, R. Ramponi, M. Bentivegna, F. Flamini, N.
Alessia Romeo, Marco Asa, and Lorenzo Livietti) for the valuable technical Spagnolo, N. Viggianiello, L. Innocenti, P. Mataloni, F. Sciarrino, Nat.
support. The authors would also like to thank Michele Devetta (IFN-CNR) Commun. 2016, 7, 10469.
and fSal'Ivatore Stagira .(Dipartiment'o di Fisica, P'olitec.nico di .Mila'no) for [18] G. Corrielli, S. Atzeni, S. Piacentini, |. Pitsios, A. Crespi, R. Osellame,
providing the vacuum instrumentation and Gabriele Crippa (Dipartimento
di Fisica, Politecnico di Milano) for the precious help during the vacuum Opt. Express 2018, 26, 15101.
characteyrization. [19] S. Atzeni, A. S. Rab, G. Corrielli, E. Polino, M. Valeri, P. Mataloni, N.
Spagnolo, A. Crespi, F. Sciarrino, R. Osellame, Optica 2018, 5, 311.
[20] A. Seri, G. Corrielli, D. Lago-Rivera, A. Lenhard, H. De Riedmatten, R.
Osellame, M. Mazzera, Optica 2018, 5, 934.
Conflict of Interest [27] A. W. Elshaari, W. Pernice, K. Srinivasan, O. Benson, V. Zwiller, Nat.
Photonics 2020, 14, 285.
The authors declare no conflict of interest. [22] F. Flamini, N. Spagnolo, F. Sciarrino, Rep. Prog. Phys. 2019, 82,
016001.
[23] A. Crespi, M. Bentivegna, I. Pitsios, D. Rusca, D. Poderini, G. Carva-
cho, V. D’ambrosio, A. Cabello, F. Sciarrino, R. Osellame, ACS Pho-
Keywords tonics 2017, 4, 2807.
femtosecond laser micromachining, integrated quantum photonics,  [24] C.Porto, D.Rusca, S. Cialdi, A. Crespi, R. Osellame, D. Tamascelli, S.
reconfigurable photonic circuits, thermal phase shifting Olivares, M. G. A. Paris, J. Opt. Soc. Am. B. 2018, 35, 1596.
[25] E. Polino, M. Riva, M. Valeri, R. Silvestri, G. Corrielli, A. Crespi, N.
Received: January 26, 2020 Spagnolo, R. Osellame, F. Sciarrino, Optica 2019, 6, 288.
Revised: July 8,2020  [26] 1. V. Dyakonov, I. A. Pogorelov, I. B. Bobrov, A. A. Kalinkin, S. S.
Published online: August 9, 2020 Straupe, S. P. Kulik, P. V. Dyakonov, S. A. Evlashin, Phys. Rev. Appl.
2018, 70, 044048.
[27] F. Ceccarelli, S. Atzeni, A. Prencipe, R. Farinaro, R. Osellame, J. Light-
wave Technol. 2019, 37, 4275.
[28] Z. Chaboyer, A. Stokes, |. Downes, M. |. Steel, M. |. Withford, Opt.

[1] ). Wang, F. Sciarrino, A. Laing, M. G. Thompson, Nat. Photonics 2020, Express. 2017, 25, 33056.

14,273. [29] W.R. Clements, P. C. Humphreys, B. ). Metcalf, W. S. Kolthammer, I.

[2] G.T. Reed, G. Mashanovich, F. Y. Gardes, D. ]. Thomson, Nat. Pho- A. Walsmley, Optica 2016, 3, 1460.
tonics 2010, 4, 518. [30] Corning EAGLE XG Slim Glass Datasheet 2019, https://www.corning.

[3] E.Casamenti, T. Yang, P. Vlugter, Y. Bellouard, arXiv:1906.02035 2019. com/media/worldwide/cdt/documents/Eagle_PI_Sheet_2019.pdf.

[4] F.Flamini, L. Magrini, A. S. Rab, N. Spagnolo, V. D’ambrosio, P. Mat- Accessed: January 2020
aloni, F. Sciarrino, T. Zandrini, A. Crespi, R. Ramponi, R. Osellame, [31] Q.Fang,].F. Song, T.-Y. Liow, H. Cai, M. B. Yu, G. Q. Lo, D.-L. Kwong,
Light: Sci. Appl. 2015, 4, e354. IEEE Photonics Technol. Lett. 2011, 23, 525.

[5] ). Mower, N. C. Harris, G. R. Steinbrecher, Y. Lahini, D. Englund, Phys. [32] S.M. Eaton, H.Zhang, P. R. Herman, F. Yoshino, L. Shah, J. Bovatsek,
Rev. A. 2015, 92, 032322. A. Y. Arai, Opt. Express 2005, 13, 4708.

[6] ). Carolan, C. Harrold, C. Sparrow, E. Martin-Lopez, N. J. Russell, . [33] M. Bentivegna, N. Spagnolo, C. Vitelli, F. Flamini, N. Viggianiello, L.
W. Silverstone, P. ]. Shadbolt, N. Matsuda, M. Oguma, M. Itoh, G. Latmiral, P. Mataloni, D. J. Brod, E. F. Galvdo, A. Crespi, R. Ramponi,
D. Marshall, M. G. Thompson, J. C. F. Matthews, T. Hashimoto, J. L. R. Osellame, F. Sciarrino, Sci. Adv. 2015, 1, e1400255.

O'brien, A. Laing, Science 2015, 349, 711. [34] H. Wang, J. Qin, X. Ding, M.-C. Chen, S. Chen, X. You, Y.-M. He, X.

[7]1 N. C. Harris, Y. Ma, J. Mower, T. Baehr-Jones, D. Englund, M. Jiang, L. You, Z. Wang, C. Schneider, J. |. Renema, S. Héfling, C.-Y. Lu,
Hochberg, C. Galland, Opt. Express 2014, 22, 10487. J.-W. Pan, Phys. Rev. Lett. 2019, 123, 250503.

[8] N.C. Harris, G. R. Steinbrecher, M. Prabhu, Y. Lahini, ]. Mower, D.  [35] P. P. Absil, P. De Heyn, H. Chen, P. Verheyen, G. Lepage, M. Pan-
Bunandar, C. Chen, F. N. C. Wong, T. Baehr-Jones, M. Hochberg, S. touvaki, J. De Coster, A. Khanna, Y. Drissi, D. Van Thourhout, J. Van
Lloyd, D. Englund, Nat. Photonics 2017, 11, 447. Campenhout, Proc. Spie 2015, 9367, 93670V.

[9] J. C. F. Matthews, A. Politi, A. Stefanov, . L. O’brien, Nat. Photonics  [36] Y.Jin, Z. F. Wang, P.C. Lim, D. Y. Pan, ). Wei, C. K. Wong, Proc. of the 5th
2009, 3, 346. Electronics Packaging Technology Conf. (EPTC 2003), IEEE, Piscataway,

[10] C. Taballione, T. A. W. Wolterink, J. Lugani, A. Eckstein, B. A. Bell, R. NJ 2003, pp. 301-306.
Grootjans, |. Visscher, D. Geskus, C. G. H. Roeloffzen, |. |. Renema, I [37] W. Yang, D. B. Conkey, B. Wu, D. Yin, A. R. Hawkins, H. Schmidt, Nat.
A. Walmsley, P.W. H. Pinkse, K.-]. Boller, Opt. Express 2019, 27, 26842. Photonics. 2007, 1, 331.

Laser Photonics Rev. 2020, 14, 2000024 2000024 (9 of 10) © 2020 The Authors. Published by Wiley-VCH GmbH

85U80| 7 SUOWIWOD 3AREaID 3|qedl|dde 8y Aq peulenof are il YO ‘SN JO S8 I AXIq1T BUIIUO A8]IA UO (SUO I IPUOO-PUe-SWLBYW0D A8 | IMARe.d 1BU1|UD//SARY) SUORIPUOD Pue swie | 83 88 *[i7202/20/92] uo Ateigiauliuo A81IM ‘ONV 1IN 13 ODIND3TLITOd Ad $2000020Z 10d1/200T 0T/10p/wod A8 | 1mAre.q iUl juo//Sdny Wwoiy papeo|umoq ‘0T ‘0202 ‘6688E98T



ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

[38] S.-K. Liao, W.-Q. Cai, W.-Y. Liu, L. Zhang, Y. Li, J.-G. Ren, J. Yin, Q.
Shen, Y. Cao, Z.-P. Li, F.-Z. Li, X.-W. Chen, L.-H. Sun, J.-]. Jia, J.-C. Wu,
X.-J. Jiang, J.-F. Wang, Y.-M. Huang, Q. Wang, Y.-L. Zhou, L. Deng, T.
Xi, L. Ma, T. Hu, Q. Zhang, Y.-A. Chen, N.-L. Liu, X.-B. Wang, Z.-C.
Zhu, C.-Y. Lu, R. Shu, C.-Z. Peng, |.-Y. Wang, |.-W. Pan, Nature 2017,
549, 43.

www.lpr-journal.org

[39] C. Antén, ). C. Loredo, G. Coppola, H. Ollivier, N. Viggianiello,
A. Harouri, N. Somaschi, A. Crespi, |. Sagnes, A. Lemaitre, L.
Lanco, R. Osellame, F. Sciarrino, P. Senellart, Optica 2019, 6,
1471.

[40] R. H. Hadfield, Nat. Photonics. 2009, 3, 696.

Laser Photonics Rev. 2020, 14, 2000024 2000024 (10 of 10) © 2020 The Authors. Published by Wiley-VCH GmbH

85U80| 7 SUOWIWOD 3AREaID 3|qedl|dde 8y Aq peulenof are il YO ‘SN JO S8 I AXIq1T BUIIUO A8]IA UO (SUO I IPUOO-PUe-SWLBYW0D A8 | IMARe.d 1BU1|UD//SARY) SUORIPUOD Pue swie | 83 88 *[i7202/20/92] uo Ateigiauliuo A81IM ‘ONV 1IN 13 ODIND3TLITOd Ad $2000020Z 10d1/200T 0T/10p/wod A8 | 1mAre.q iUl juo//Sdny Wwoiy papeo|umoq ‘0T ‘0202 ‘6688E98T



