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ABSTRACT

Optical limiters are nonlinear devices that encompass applications from device protection to activation functionalities in neural networks.
In this work, we report an optical limiter on silicon photonics based on an ultracompact VO,/Si waveguide. Our 20-ym-long experimental
device features a thermal tunable threshold power of only ~3.5 mW while being spectrally broadband. Our work provides a new pathway to
achieve integrated optical limiters for dense and low-power photonic integrated circuits.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license

(http://creativecommons.org/licenses/by/4.0/).

I. INTRODUCTION

Silicon photonics has been established as a mature and main-
stream photonic integrated platform for developing a wide range of
applications in the fields of telecom and datacom,’ quantum com-
puting,” or LIDAR,” to name a few. Although such achievement has
been accomplished, thanks to the broad variety of passive and active
building blocks,” to date, there is not a clear approach on how to
implement optical limiting devices.

Optical limiters are devices that exhibit a clipped-like
input-output power response. Below a certain threshold, the device
has a linear response, while for higher values, it becomes nonlin-
ear and saturates the output.” The most straightforward applica-
tion of optical limiters in photonic integrated circuits is to protect
optical devices against hazardous high-power signals, encom-
passing from conventional photodetectors to emerging all-optical
devices. In the latter, devices such as optical memories,” non-
volatile switches,” or optical synapses’ rely on chalcogenide phase
change materials.'"” In such devices, the involved phase change
amorphization and crystallization processes require tight con-
trol of the optical power to avoid permanent damage.'' On the
other hand, optical limiters are useful to provide stability from

APL Photon. 6, 121301 (2021); doi: 10.1063/5.0071395
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fluctuations in high-sensitive optical devices, such as microring
resonators or cavities.'” Moreover, the nonlinear transfer func-
tion featured by optical limiters finds direct application in new
areas such as artificial intelligence or neuromorphics'’ to per-
form activation functions such as the clipped rectified linear unit
(ReLu).

Optical limiting is readily observable in silicon waveguides
owing to silicon nonlinearities, such as two-photon absorption
(TPA) or free carrier absorption (FCA)."” However, in a straight
waveguide, there is a severe trade-off between threshold power and
length. For instance, optical limiting arises for threshold powers of
hundreds of milliwatts when using millimeter-long waveguides.
Resonant cavities such as microring resonators have been proposed
to enhance nonlinear effects and thus reduce the footprint.”” How-
ever, the threshold power remains in the same magnitude as in pre-
vious straight waveguides, while the bandwidth is reduced to values
below 0.1 nm.

Such values are not compatible with current trends in photonic
integrated circuits that move toward reducing both the foot-
print and energy consumption of devices, reconfigurability,
and exploitation of dense wavelength-division multiplexing
(DWDM) by taking the advantages of parallelism and capacity.

6, 121301-1
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Therefore, integrated optical limiters featuring low-threshold power
and the possibility of tunability with spectral broadband in an
ultracompact footprint would be beneficial.

A route to achieve such goals could be the integra-
tion of new materials into the silicon photonics platform fea-
turing an optical nonlinearity significantly larger than silicon.
In this context, vanadium dioxide (VO;) is a complementary
metal-oxide-semiconductor (CMOS)-compatible phase transition
oxide exhibiting a unity order change on both real and imaginary
parts of its refractive index stemming from the insulator-metal tran-
sition (IMT) at around 65 °C.”” Such appealing properties have
been exploited in a large variety of nanophotonic devices.”® In the
field of integrated photonics, the high contrast and broadband opti-
cal properties of VO, have been utilized for all-optical modula-
tion and switching applications.” ' Recently, the optical limiting
response has been observed in VO, thin films™** and applied to
metasurfaces.”’~° Here, we demonstrate that the photoinduced IMT
can be also leveraged to achieve high-performance optical limiting
for integrated photonic waveguide-based applications.

In this Letter, we experimentally demonstrate an ultra-compact
VO,/Si optical limiter on silicon photonics featuring low-threshold
power and tunability over a broad spectral response. The optical lim-
iting response is achieved by harnessing the strong change in the
absorption of VO, that accompanies the IMT and exploiting the
gradual insulator to the metal profile along the propagation direction
under in-plane photothermal excitation.

Il. WORKING PRINCIPLE
A. In-plane photothermal response

Figure 1(a) illustrates the photothermal behavior of a hybrid
VO,/Si waveguide fed by a high-power optical signal. We consider a
standard Si waveguide with a thin VO, patch of length L atop. The
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IMT of VO, is triggered by evanescent coupling so that the absorbed
optical power (P, ) in VO, acts as a heat source. Due to the in-plane
approach, the value of the heat source is related to the absorption
strength of the optical mode,

oP, abs
0z

= Pipa exp(-az), 1)

where Pj, is the input power and « is the propagation loss, with the
latter given by

ATKeff
a=— )
where . is the effective extinction coefficient and A is the working
wavelength. Because the absorption strength is not constant along
the propagation direction (z axis) and thus the heat source, there is
a temperature gradient in that direction. This temperature gradient
translates into a phase-change gradient; the portion VO, material
above the IMT temperature (Tpyr) will transition to metal, while
the remaining portion of the patch will stay insulating.
According to previous experimental works,”””" the relation
between the length of the metal fragment (L, ) and the optical power
can be approximated as

P, in
Ln~y ln( by ), 3)
where 7 is a term relating to the thermo-optical efficiency of the
structure and depends on both optical and thermal properties of the
hybrid waveguide.

The different states that the hybrid waveguide can undergo are
depicted in Fig. 1(b). For low optical power below the threshold
power, VO, is insulating as the temperature in the patch is below the
Tt High optical power is required to obtain a full insulator-metal
transition since the temperature profile in the whole VO, layer

Pin < P

Pin > Py,

D T B

— Pin > Py,

Input
power

(b)

FIG. 1. (a) lllustration of VO, heating in a hybrid VO,/Si waveguide using an in-plane photothermal approach. (b) States of the VO, patch as the input power in the waveguide
is increased.
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needs to be above Tyyr. Yet, in both cases, the output-input opti-
cal response of the hybrid waveguide is linear and is given by
the propagation loss in the insulating (o;) and metallic () case,
respectively.

On the other hand, for intermediate states comprised of a
fraction of metal and insulator VO,, the optical response can be
described as

Pout = Pin exp[—(am — &)L — aiL]. (4)

Thereby, for such states, the optical response of the hybrid
waveguide becomes nonlinear due to L,, and its dependence on the
optical power [see Eq. (3)].

B. Optical limiting condition

Optical limiting is achieved when the induced optical losses
match the increase in the optical power when this exceeds the thresh-
old power. In this case, the output is constant regardless of the input
value. This can be achieved by leveraging the nonlinear response of
VO,/Si found in the intermediate optical states [see Eq. (4)]. To this
end, the following condition needs to be met:

Py, exp(—aiL) = Piy exp[—(om — &)L — aiL]. (5)

As a result, we obtain that the value of L, fulfilling the optical
limiting condition for a specific optical power is

_ ln(Pi,,/Pth)
O — &

LmoL (6)

Finally, by comparing Eqgs. (3) and (6), we obtain that the
photothermal efficiency term should be

1
U — O

flor = (7)

In Fig. 2(a), the value of 7 with respect to a,, — «; in the differ-
ent regimes is shown. The optical limiting condition is comprised of
overlimiting (red region) and underlimiting (blue region) regimes.
Such regimes arise when # does not match the value given by Eq. (7).
The optical responses for the three regimes are plotted in Fig. 2(b).
When the VO; layer is mix of metal and insulator (I - M), the out-
put increases (underlimiting) or decreases (overlimiting) depending

Underlimiting
regime

10" f—— Ty
F Overlimiting
n(am —ap) > 1

= 100F .
3 .
",

Underlimiting

[ nlom —o) <1
107 >
107 10° 10’ P Input power

Output power

(a)

on whether the induced optical losses are lower [5(om — &) < 1] or
higher [#(am — a;) > 1], respectively, than the increase in the input
power.

On the other hand, the photothermal efficiency is related to
the light-matter interaction between the optical mode and the VO,.
Hence, different strategies can be followed to control the value of %
in VO,/Si waveguides to fulfill Eq. (7), such as changing the distance
between the silicon waveguide and the VO, patch or varying the
thickness of the VO,. The photothermal efficiency will also depend
on the polarization of the propagating mode.

lll. RESULTS

Our hybrid waveguide is based on a standard 480 x 220 nm?
Si waveguide with a 40-nm-thick VO, layer on top separated
by a 60 nm spacer formed by a 10-nm-thick silicon oxide layer
plus a 50-nm-thick SiN hardmask. The SiN layer is required
for the planarization of the surface. To obtain a patterned poly-
crystalline VO, layer, a 40-nm-thick amorphous VO, layer was
grown by molecular beam epitaxy (MBE) with a subsequent lift-
off process to remove the undesired regions. Finally, an ex situ
annealing process was carried out at 400 °C in forming gas. The
refractive index of the deposited VO, at telecom wavelengths
and for different temperatures is reported in Fig. 3. Film charac-
terization was carried out by spectroscopy ellipsometry and fol-
lowing the same deposition process. The chip was covered with
700 nm of SiO, by plasma-enhanced chemical vapor deposition
(PECVD). The length of the device is only 20 pym. Figure 4(a)
shows an optical microscope image of the fabricated VO,/Si
waveguide.

The optical and photothermal parameters for that type of wave-
guide are a; ~ 0.91 dB/um, &, ~ 1.61 dB/um, and # ~ 1.06 ym/dB at
A =1550 nm and for transverse-electric (TE) polarization.’’ There-
fore, our device was expected to be close to the optical limiting
condition according to Eq. (7) with a small underlimiting response.

The experimental setup used for characterizing the optical lim-
iter is shown in Fig. 4(b). A tunable continuous-wave (CW) laser
together with an erbium-doped fiber amplifier (EDFA) working in
the telecom C-band was used as the light source. Fiber-to-chip cou-
pling was achieved using standard TE grating couplers. The tem-
perature of the chip during measurements was controlled using

Overlimiting

Optical limiting .
regime
0"
—_ 0.. —
] X [}
] o B
o 5 (o]
Q. ..’ o
5 2 M 5
s |—M o
> )
(@) (@)
P Input power Py Input power
(b)

FIG. 2. (a) Optical limiting condition in a VO,/Si waveguide using an in-plane photothermal approach. (b) Optical response of the hybrid waveguide for the different regimes.

APL Photon. 6, 121301 (2021); doi: 10.1063/5.0071395
© Author(s) 2021

6, 121301-3


https://scitation.org/journal/app

APL Photonics LETTER

3
e,
25} 1 | a
IS (a) ()
ol 1 L 1
LN I
15
3 —
o ®© 0 0 ¢
ol 1 L 1
¥ (b) (d
1l 1 L 1
beo o

158020 40 60 80 100 120
Temperature (°C)

10 520 1540 1560
Wavelength (nm)

FIG. 3. Refractive index (n + jx) of VO, thin film as a function of the wavelength
and for different temperatures during a heating cycle. (a) Real and (b) imaginary
parts of the refractive index spectrum. (c) Real and (d) imaginary parts of the
refractive index at 1565 nm as a function of the temperature.

a Peltier device. Finally, the output power was measured using a
high-sensitivity photodetector.

The power limiting response was characterized by setting the
wavelength of the laser and increasing the optical power. Figure 5
shows the power response of a reference silicon waveguide with-
out VO, and the hybrid waveguide acting as an optical limiter at
different temperatures. Input and output optical power values are
given on-chip. The reference waveguide was characterized to dis-
card a loss contribution from silicon nonlinear effects. In such a way,
a linear response was obtained [see Fig. 5(a)]. Therefore, consider-
ing the values of optical power, the nonlinear and limiting response
of the hybrid waveguide owns to the photothermal induced IMT of
VO, [Figs. 5(b) and 5(¢)].

—%

poaes b

scitation.org/journal/app

To fit the experimental values, we model the optical response
by using Eqgs. (3) and (4). A fair agreement is found between the
experiment (dots) and the proposed model (solid lines). There-
fore, optical saturation occurs due to the discussed relationship
between the gradual metallic change of the VO, layer along
the propagation direction and the optical power [see Eq. (6)].
Our device features a low-threshold power of ~3.5 mW near
room temperature [see Fig. 5(b)] alongside a plateau in the
response, which is indicative of being near the optical limit-
ing condition [see Fig. 2(b)], for a range of input powers of
around 7 dB.

Since the IMT is photothermally triggered, our optical lim-
iter provides also the possibility of tuning its response. Biasing the
temperature of the VO, near (far) the IMT reduces (increases)
its threshold power. To prove this point, the temperature of the
chip was increased to 50 °C [Fig. 5(c)], near the IMT (~65 °C),
with the Peltier device. In this manner, the threshold power was
reduced down to ~2 mW since a smaller increase in tempera-
ture was required to trigger the IMT. Consequently, the input
range, i.e., the input power values comprised between the thresh-
old power and the maximum measured power [see Fig. 2(b)],
increased up to ~10 dB. On the other hand, the photother-
mal efficiency was slightly improved (n ~ 1.2 ym/dB) because the
difference between Tjyr and the background temperature was
decreased.

The spectral response of the proposed optical limiter is mainly
limited by the wavelength dependence of the propagation losses [see
Egs. (2) and (7)]. In this regard, a remarkable advantage of the pro-
posed optical limiter device is that it benefits from the low dispersion
of VO, at telecom wavelengths [see Figs. 3(a) and 3(b)], thus provid-
ing a broadband response in VO,/Si waveguides. To showcase this
feature, we characterized the spectral response of our hybrid wave-
guide under low- and high-power signals as shown in Fig. 6, i.e.,
Pin < Py, and Pi, > Py, respectively. The wavelength dependence of
the input power is due to the EDFA. We measured an optical lim-
iting bandwidth of around 15 nm. It should be highlighted that the
measured spectral range was limited by our EDFA and not by the
bandwidth of the device, which should be larger due to the non-
resonant operation. When the low-power signal at the input of the
hybrid waveguide remains far below the threshold, the device works

Chip

<

Polarization

CW laser EDFA controller s Photodetector
VO,/Siwg Temperature
controller
V4
(a) (b)
FIG. 4. (a) Optical microscope image of the optical limiter. The squares are made of silicon. (b) Experimental setup.
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FIG. 5. Optical response of the (a) reference Si waveguide and (b) and (c) hybrid
\V/O,/Si waveguide setting the temperature of the chip at (b) 30 °C and (c) 50 °C.
Experimental values (dots) are given on-chip at 1565 nm. Solid lines stand for fitted
data. Dotted lines show the extrapolated behavior of the optical limiter if it would
have remained in the linear regime (full insulating VO,).

on the linear regime (full insulating VO, ), and therefore, the output
is proportional to the input and both responses have a similar shape.
On the other hand, for the high-power signal, the hybrid waveguide
is driven to the optical limiting condition (metal/insulator VO,)

T T
S 10'g E
9] r VO, Ins.| ]
g 10 2ns.| ]
5 (@ ]
o L 4
£
1071 E 1 1 3
107" — I 3
% F P, > Py, (Optical limiting) E
- I i
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FIG. 6. Spectral response of the device under below-threshold (blue) and above-
threshold (red) signals. (a) Input and (b) output power as a function of the wave-
length. The shaded region in (a) stands for the threshold power. For larger values,
the device limits the power at the output and flattens the spectrum. Values are
given on-chip and at 30 °C.
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because the input power exceeds the limiter threshold. Hence, the
output is saturated resulting in a flattening of the spectral response
(Fig. 6).

IV. CONCLUSION

In summary, we have demonstrated that the strong optical
nonlinear response of VO, can be leveraged for achieving ultra-
compact and broadband optical limiters on silicon photonics with
tunable performance. On-chip efficient thermal biasing could be
easily achieved using low-loss microheaters,”"* while the thresh-
old power of the device could be engineered by doping the VO,
in order to modify the transition temperature.”*' On the other
hand, the turn-on time of such a device under photothermal exci-
tation is expected to be around a few microseconds.””” Since VO,
is a CMOS-compatible material, our study opens up opportunities to
include such a building block onto dense, low power consumption,
and DWDM photonic integrated applications.
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