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ABSTRACT

We study the nonlinear optical properties of graphene integrated onto SizN4 waveguides under picosecond and subpicosecond pulsed exci-
tation at telecom wavelength. Saturable absorption of graphene under guided-mode excitation is measured, and the temporal effects related
to the photoexcited carrier dynamics in graphene are highlighted. Thereafter, a model of photoexcited carriers in graphene is implemented
into the nonlinear Schrédinger equation in order to simulate the pulse propagation across the hybrid graphene/Siz N4 waveguide. This allows
us to extract phenomenological parameters of graphene saturable absorption in chip-based devices, which could provide some guidelines for

the design of nonlinear elements in photonic integrated circuits.

© 2019 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

Over the past decade, graphene, a bi-dimensional lattice of
carbon atoms, has generated plenty of interest for both funda-
mental and applied research in microelectronics and more recently
in optoelectronics. ~ Its unique properties,” mostly related to the
Dirac cone electronic dispersion,  make it an outstanding mate-
rial candidate for both electronic and photonic device applica-
tions.” ” Among all relevant properties, the optical nonlinearity of
graphene was pointed out to be much larger than those in traditional
semiconductor and glass materials. In addition, this nonlinear
response could be dynamically tuned through electrical gating,
with the prospect of realizing fast, reconfigurable, and flexible non-
linear devices. Last but not least, the planar geometry of graphene
makes it relatively easy to transfer this carbon layer onto photonic
chips, as part of postprocessing techniques. Integrated optics can
indeed bring what graphene lacks due to its atomic layer thick-
ness, i.e., a way to reinforce the interaction between light and this
2D-material through the use of resonant or light-confining geome-
tries. Graphene could thus lead to a new generation of nonlinear
photonic devices and chips that combine the existing know-how

APL Photon. 4, 076102 (2019); doi: 10.1063/1.5094523
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on integrated optics with graphene strong and tunable nonlinear
properties.

On the one hand, several X(3) based nonlinear effects in
graphene have been investigated theoretically and experi-
mentally. Related measurements using either free-space excitation
or interaction with guided light waves have demonstrated four-
wave mixing, self-phase modulation, and third har-
monic generation. However, all these works have reported a
large disparity in the quantitative estimation of the third-order non-
linear refractive optical response. "~ This issue remains still poorly
understood and could be attributed to the different experimental
conditions used to probe graphene, to the quality of graphene itself,
or to the material environment in the vicinity of graphene. In par-
ticular, the unambiguous extraction of the nonlinear response of
graphene is not straightforward when this 2D material is deposited
on top of another nonlinear refractive material, like silicon, for
instance.

On the other hand, graphene is known to act as a saturable

absorber. This nonlinear signature has been widely used for
the realization of passively mode-locked fiber lasers. Although
4,076102-1
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some theoretical papers attempted to model saturable absorption
in graphene,””” the correlation with experimental studies is still
imperfect.”” More importantly, its implementation onto chip-based
platforms remains elusive but could form the critical nonlinear ele-
ment of either integrated mode-locked lasers or more generally
advanced photonic integrated circuits, such as chip-based photonic
neural networks and programmable nanophotonic processors.”” So
far, most studies have focused on either third-order nonlinear refrac-
tive processes or saturable absorption separately. However, these two
effects are likely to occur under a similar regime of excitation, and
their interplay cannot be ignored. Although not directly investigat-
ing the effect of saturable absorption, Vermeulen et al.”' recently
pointed out that self-phase modulation in glass waveguides covered
with graphene could be explained by the generation of free carri-
ers in graphene and the related change in refractive index at the
time scale of the picosecond pulse duration used in the experiment.
This suggests that saturable absorption of graphene could have a
non-negligible impact on third-order nonlinear refractive processes.
Most importantly, the time scale of free carrier recombination in
graphene, which is known to be much shorter (~1 ps) than in tradi-
tional semiconductor materials, might have important consequences
on the dynamics and magnitude of these nonlinear effects. In Ref. 21,
saturable absorption was not reported, possibly due to the low power
regime (~2 W peak power) that was used. In addition, the effects of
carrier dynamics, as dictated by the temporal pulse duration of the
pump, were not fully investigated.

In this work, we demonstrate the signature of saturable absorp-
tion of graphene in chip-based platforms by measuring the trans-
mission of near-infrared optical pulses in hybrid graphene/SizNy
waveguides. We take advantage of the relatively weak nonlinear
properties of the underlying Si3sN4 material for studying unam-
biguously graphene nonlinear properties. From our measurements
across a large dynamic range of pulse peak power (from 0.2 W up
to a few hundreds), we observe a substantial rise of the transmission
by more than a factor 2, which increases with graphene interaction
length. By varying the pulse duration from the picosecond to sub-
picosecond, we also report a variation of the absorption saturation
of graphene, thereby revealing some dynamics of this effect. We
correlate these measurements with a nonlinear pulse propagation
model taking into account graphene interaction length, the linear

and nonlinear response of the hybrid waveguide, power-dependent
loss in graphene, and the associated dynamics of free carrier relax-
ation. These studies attempt to clarify the interplay between sat-
urable absorption and third-order nonlinear refractive processes in
graphene, which should help realize more efficient graphene based
nonlinear devices on a chip.

Il. GRAPHENE ON SILICON NITRIDE HYBRID DEVICES
AND LINEAR MEASUREMENTS

The photonic chip used for the characterization of graphene
nonlinear optical properties features 2 cm long SizsN4 waveguides
buried in silica.’””" The silica top cladding of the waveguides
was removed using a perfectly selective chemical-mechanical pla-
narization, so as to leave the waveguides top surface exposed
in air with no Si3zN4 consumption and no remaining topogra-
phy. The cross section dimensions of the SisNy waveguides are
1.5 ym x 0.66 ym (width x height). Figure 1 displays the elec-
tric field intensity of the fundamental TE mode that will be
excited in our experiments. Butt-coupling transmission measure-
ments of a series of these unclad SisN; waveguides with differ-
ent lengths allowed us to extract waveguide propagation losses of
3 dB/cm and coupling loss of around 4 dB per facet. The latter
is lowered, thanks to the use of inverse tapers close to the chip
input/output.

Trivial transfer graphene, purchased from ACS Materials®, was
transferred onto the chip. The waveguide planarization step men-
tioned above allows us to take advantage of an increased interaction
between the guided mode and graphene that lies directly on the
surface of the waveguide. We also note that this geometry conve-
niently presents a planar surface that is ideal for the mechanical
transfer of graphene. As shown in the optical microscope image of
Fig. 2(a), the transfer provides us with a series of waveguides with
a variable coverage of graphene. Four waveguides are available for
study, with a graphene interaction length of 0.5, 1.4, 2.3, and 3.2 mm.
An additional Si3N4 waveguide without graphene will be used as a
reference.

Raman measurements were performed after the transfer, and
a typical spectrum obtained in the vicinity of the waveguides of
interest is shown in Fig. 2(b). The characteristics of this spectrum

yipm] y(um)
1
Graphene k
F S~ - - - - FIG. 1. Normalized electric field intensity of the fundamental
TE mode of the graphene-covered SizN; waveguide and
intensity of the electric field |Ex|> component in the plane of
graphene along the y-axis at the center of the waveguide
(x=0).
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(the integrated intensity ratio of the G and 2D band, Ag/Azp, in
particular) confirm the presence of monolayer graphene.”

Using a low power continuous-wave laser at 1540 nm coupled
to the chip (with ~30 4W power) in the TE-polarization, we charac-
terize the linear response of the hybrid graphene/Siz N4 waveguides.
Figure 3(a) shows the total transmission of the waveguides as a func-
tion of the length of graphene that covers them. The coupling loss
per facet is relatively unchanged with respect to that of the unclad
Si3sNy waveguides, and the slope of the linear (dB scale) transmis-
sion allows us to infer an average propagation loss ay of 126 dB/cm
induced by the presence of graphene. The good linear fit (R* = 0.991)
of the transmission with graphene length seems to confirm the rel-
atively homogeneous properties (at least at the millimeter scale) of
graphene transferred onto the chip. In addition, the high optical
losses of the graphene-covered waveguides attest the strong inter-
action between the mode and graphene. This loss figure is consistent
with the overlap of graphene with the evanescent tail of the waveg-
uide TE fundamental mode (around 0.013% of the intensity field,
considering an effective thickness of 3.3 A for graphene). The com-
parison of linear modal loss measurements of our hybrid waveguides
across the wavelength range 1440 nm-1640 nm with simulations
(Lumerical commercial software) allows us to extract a Fermi level
of around -0.3 eV corresponding to an approximate p-doping of
9 x 10" cm ™2, which is expected for CVD graphene and this trans-
fer process.” In Fig. 3(b), we plot the effective length calculated

FIG. 2. (a) Optical microscope image of the graphene trans-
ferred onto SisN4 optical waveguides. (b) Raman spectrum
of the graphene covered chip. The Ag/A;p ratio suggests
that graphene has a monolayer thickness while the absence
of D peak confirms the quality of graphene.

through™’ Ly = l_ﬁgoaﬂ as a function of the physical graphene
interaction length Lg, varying between 0.5 mm and 3.5 mm. This
curve gives an estimate of the waveguide length along which light
effectively propagates before it gets fully absorbed. This effective
length saturates beyond 1.5 mm graphene length due to the high
linear propagation losses of the hybrid waveguide. This suggests that
we might not observe much difference in terms of the related nonlin-
ear signature when probing waveguides covered by graphene length
beyond 1.5 mm.

I1I. NONLINEAR CHARACTERIZATION SETUP

For the study of the nonlinear properties of the graphene-
covered waveguides, we use a fiber-based pulsed laser that delivers
~2 ps pulses at 1547 nm and with a repetition rate of 20 MHz. The
setup is presented schematically in Fig. 4(a): it includes a polarizer
so as to excite the TE mode of the chip and a variable optical attenu-
ator to vary the pump power coupled to the waveguides using lensed
fibers. 1% of the input power is tapped for monitoring the pump
power coupled to the chip, while a coupler at the output allows us to
measure both the spectrum (via an optical spectrum analyzer) and
the power collected at the end of the waveguides (via a power meter).

To reach higher peak powers, we amplify the nearly Fourier-
transform limited pulses from the laser using an Erbium Doped
Fiber Amplifier (EDFA). The use of this EDFA gives us some

FIG. 3. (a) Measured waveguide transmission (circles) as a
function of the interaction length with graphene. The red line
is a linear fit associated with a slope of 126 dB/cm. (b) Effec-
tive length as a function of the graphene interaction length
for ap = 126 dB/cm. The circles highlight the graphene
lengths that are available on the sample.
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flexibility in terms of pulse duration, allowing us to investigate the
dynamics of the graphene/Si3N4 waveguide nonlinear response. For
EDFA pump currents above a certain threshold (typically 85 mA in
our setup), the amplified pulses are modified in both the spectral
and temporal domains at the entrance of the chip. In particular, the
combined effects of nonlinearity along the fiber (basically self-phase
modulation) and its negative dispersion at 1547 nm induce some
temporal compression of the pulse, depending on the amplified
pulse peak power.

Practically, as we increase the EDFA pump current, the initially
Fourier-transform limited pulse narrows in the temporal domain
(for pump current up to ~160 mA) until a minimum temporal width
is reached. For EDFA pump current above 160 mA, the pulse dura-
tion increases due to a gradual splintering of the pulse in the time
domain. Therefore, it is possible to adjust the pulse duration by
changing the EDFA pump current, while independently controlling
the pump peak power (i.e., the pulse energy) coupled to the chip via
the attenuator. Autocorrelation measurements of the input pulses
close to the entrance of the chip were performed so as to provide an
estimation of the input pulse duration. Figure 4(b) shows the rela-
tion between the inferred pulse duration and the EDFA pump cur-
rent. Our autocorrelation measurements show variations of about
one order of magnitude, from 2 ps (initial pulse duration at the
output of the laser) down to 0.2 ps approximately. This additional
degree of freedom via controlling the EDFA pump current allows us
to investigate the dependence of the nonlinear effects on the
pulse duration on the nonlinear effects occurring in the hybrid
graphene/Siz Ny waveguides.

IV. EXPERIMENTAL NONLINEAR RESULTS

We first present the nonlinear transmission of graphene/Siz Ny
waveguides when excited by subpicosecond pulses at 1547 nm with
increasing peak power and a fixed pulse duration (~0.2 ps, for an
EDFA pump current of 160 mA). Figure 5 shows the waveguide

APL Photon. 4, 076102 (2019); doi: 10.1063/1.5094523
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transmission as a function of the coupled pulse energy, ranging
between 0.15 and 150 pJ (i.e., 0.6-600 W coupled peak power), for
the series of waveguides covered with different graphene lengths.
Figure 5(a) exhibits the absolute transmission of the waveguides,
whereas Fig. 5(b) displays the normalized transmission, i.e., divided
by the transmission at low energy (Ep. = 3 pJ) for each waveguide.
Figure 5(b) thus allows us to appreciate and compare the relative
variation in transmission for the waveguides covered by different
graphene lengths (between 0.5 mm and 3.2 mm), along with the
reference waveguide (darkest blue) without graphene.

As a first observation, the transmission increases with pulse
energy whenever graphene is present, while the reference curve
(without graphene) remains flat, thereby confirming that the rise
in transmission is related to graphene. Second, the rise in transmis-
sion is somewhat correlated with the graphene interaction length,
at least between 0 mm, 0.5 mm, and the three other lengths. We
attribute these observations to the saturable absorption of graphene.
We highlight that this signature is not hidden here by other kinds of
nonlinear absorption loss that might otherwise occur at these power
levels in the underlying waveguide such as, for instance, in silicon
waveguides.

In the case of Ly = 0.5 mm [lightest blue in Fig. 5(b)], the mea-
sured increase in transmission rolls off above 100 pJ. We explain
this clamping behavior by a nonsaturable absorption component of
graphene, as the maximum transmission value (-20 dB) remains
well below that of the waveguide without graphene (-14 dB) as
observed in Fig. 5(a).

For graphene lengths between 1.4 mm and 3.2 mm, the trans-
mission continuously increases with pulse energy by more than a
factor two with respect to the low power transmission. The simi-
lar signature observed for the three longest graphene/SisN, waveg-
uide is somewhat expected due to the saturation of the effective
length (considering the hybrid waveguide propagation loss) beyond
1.5 mm of graphene length, which reaches a constant value of

max
€]

around Ljz™ = 0.345 mm. Qualitatively, once the effective length

4,076102-4
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is reached (at ~1.5 mm propagation distance), the pulse energy
becomes too weak to induce any absorption saturation in the
remaining section of graphene further in the waveguide. From our
experimental results, we can thus conclude that graphene absorp-
tion saturation almost exclusively occurs in the first millimeter and
half of our hybrid waveguides under the probed range of pulse
energies.

Next, we investigate the effect of pulse duration on the satu-
ration of graphene absorption, by varying the pump current of the
EDFA, while controlling the average power (i.e., the pulse energy)
coupled to the waveguide using the variable optical attenuator. As
already explained, the pump current of the EDFA affects the pulse
shape and duration, i.e., the temporal distribution of pump pho-
tons, while the attenuator sets the pulse energy, i.e., the number of
photons comprised in the pulse. We can therefore control the pulse
energy and duration relatively independently. However, the range
of pulse duration that can be investigated for higher pulse energies is
restricted by the high amplification gain requirements, as provided
by the EDFA under higher pump currents. This leads to a narrower
range of (short) pulse duration that can be probed for higher pulse
energies.

In order to study how the pulse duration impacts saturable
absorption of graphene, we measure the waveguide transmission
while varying the EDFA pump current (i.e., pulse duration) for a
fixed pulse energy. We thus only change how photons are tempo-
rally distributed but not their number. Figure 6 shows the results
of these measurements. We plot the transmission (normalized with
respect to the low pulse energy transmission at the lowest EDFA
pump current setting) as a function of the EDFA pump current, with
different colors used for different values of coupled pulse energy
(between 0.3 pJ and 148.8 pJ). The results are shown for three
hybrid graphene/SizN4 waveguides covered with 0.5 mm [Fig. 6(a)],
1.4 mm [Fig. 6(b)], and 2.3 mm [Fig. 6(c)] graphene lengths. To re-
emphasize the link between the EDFA pump current and the pulse
duration, we also present in Fig. 6(d) the related normalized trans-
mission vs the pulse duration inferred from these measurements for
the case Ly, = 2.3 mm and EDFA pump current below 170 mA.

APL Photon. 4, 076102 (2019); doi: 10.1063/1.5094523
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Pulse energy (pJ)

(b)

First, we notice a global increase in the transmission with the
pulse energy at all EDFA pump currents, which corroborates the
absorption saturation results from Fig. 5, independently of the pulse
duration. Next, we see that for a fixed pulse energy (one colored
curve in Fig. 6), the normalized transmission increases with decreas-
ing pulse duration, with a maximum obtained around 160 mA
EDFA current corresponding to the shortest pulses. This behavior
is more striking for higher pulse energies, while at low values of
0.3 pJ and 1.7 pJ, the increase in transmission is very weak due to
the limited amount of saturable absorption.

These results suggest that temporal effects occur at the
pulse time scale, while the pulse propagates through the hybrid
graphene/Siz N4 waveguide, related to the free carrier excitation and
relaxation dynamics in graphene. We model these effects in Sec. V,
so as to extract some phenomenological parameters describing the
dynamics of absorption in graphene and its impact on the nonlinear
propagation of picosecond pulses.

V. MODEL AND DISCUSSION

To simulate the pulse propagation in nonlinear waveguides, we
use the nonlinear Schrodinger equation (NLSE),"” in the slowly vary-
ing envelope approximation, and numerically solve it using the Split-
Step Fourier Method (SSEM). This equation allows us to calculate
the pulse envelope A(z, T) of the electric field according to

aiA 1&82714 = _a(N‘)
0z 2 012 2

A+iy|AJA. (1)

In this equation, B, is the second-order dispersion of the
waveguide, the waveguide propagation loss is dominated by a(N.),
which is the carrier density dependent absorption of graphene, and
the nonlinear parameter y takes into account the effective area of
the mode profile A,y and the effective nonlinear Kerr index of the
waveguide #,. Two-photon absorption can be readily implemented
in this equation (as a positive imaginary part of y), but we did not
include it here because the graphene induced linear absorption dom-
inates the waveguide loss at all powers, whereas the Si3N4 material
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does not exhibit two-photon absorption at telecom wavelengths due
to its high bandgap energy.

This equation allows us to simulate both the spectral and tem-
poral signature of the pulse upon its propagation in the waveg-
uide, while taking into account all kinds of linear and nonlinear
effects that might interact and impact the pulse evolution. We use
it here essentially to clarify the measured variation in the trans-
mission upon increasing pulse energy and the impact of the pulse

13 OM)
12 F i FIG. 6. Normalized transmission as a
(o) OWII) function of the EDFA pump current

lampii (MA) for waveguides covered by

L1 graphene lengths of 0.5 mm (a), 1.4 mm
( (b), and 2.3 mm (c). The low power trans-

16 mission (at 0.3 pJ coupled pulse energy,
100 150 200 lampii = 65 MA) is used for the transmis-

Impli sion normalization. On each plot, the dif-

ferent colors correspond to different val-
ues of coupled pulse energy between
0.3 pJ and 148.8 pJ. (d) Normalized
transmission as a function of the pulse
duration for different pulse energies and
Lgr =2.3 mm (Iampi < 170 mA).

Pulse energy

ITTr « I 0.3pJ
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We do not account for the graphene saturable absorption in
Eq. (1) as a perturbative process that might be included in the imag-
inary part of X(S), i.e., as an intensity dependent imaginary contri-
bution to the nonlinear parameter y. Instead, we describe it through
the a(N) absorption dependence on the surface carrier density in
graphene lying on top of the waveguide. First, we consider both a sat-
urable and a nonsaturable part of graphene absorption, as suggested
by our experimental results, via

. . . . . N
tempor.al .characterlstlcs on the graphene/SizNy hybrid waveguide «(NL) = axs + amt(l N ) @)
transmission. Niat
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At low power, the sum of ans and a. is equal to the measured
waveguide graphene induced absorption loss a, i.e., 126 dB/cm. As
widely acknowledged, the saturable part of graphene absorption e
is mostly caused by Pauli blocking in the Dirac cone dispersion of
graphene, allowing for interband transitions only if the excited state
is empty.”’ One phenomenological way to describe this is to consider
a simple system with two energy bands between which the transition
probability is directly linked to the carrier occupation of the upper
band, i.e., to the excited carrier surface density N, in the upper band.
The temporal evolution of N, in graphene can then be described by
Eq. (3), which is adapted from the corresponding equation in the

ON.

work of Vermeulen et al.,”!
_ Ksat (1 _ &)
31‘ hw Nsat

The inclusion of the waveguide width w in this equation explic-
itly accounts for the effect of the lateral confinement of the waveg-
uide, which restricts the interaction of light with graphene, as medi-
ated by the waveguide mode, across a limited dimension (equal to
w). A decrease in the waveguide width thus directly translates into
the reduction of the launched power necessary to saturate graphene
absorption. In Egs. (2) and (3), Ny represents the saturated excited
carrier density per unit of graphene surface area upon which the
saturable fraction of graphene absorption is forbidden due to Pauli

blocking. The use of the factor (1 - If;]t) conveys the idea that the

probability to absorb a photon via an interband process, hence the
creation of a photoexcited carrier in the conduction band, depends
on the filling of the upper level considered, i.e., on the excited carrier
density N.. By including the sole contribution of a: in Eq. (3) as
responsible for carrier generation in graphene, we assume that only
the saturable absorption part of graphene is conducive to fill in the
conduction band at the photon energy level considered. We indeed
relate the coefficient ans to other absorption processes caused, for
instance, by a nonideal graphene, or some residual polymer layer
on top of graphene or to other additional absorption loss contri-
bution processes that will not generate carriers. These should not,
a priori, contribute to the generation of carriers at the energy allow-
ing Pauli blocking to occur. In Eq. (3), 7. is a phenomenologi-
cal lifetime accounting for the different processes that may lead to

(©)

w

the relaxation and recombination of excited carriers in graphene.
The set of equations (1)-(3) allows us to compute the pulsed sig-
nal at the output for different values of input pulse energy and
duration.

To compare our simulations with the measurements presented
in Fig. 6, we first need to model the pulsed signal experimentally sent
at the entrance of the waveguide. Our autocorrelation and spectral
measurements of the input signal enable us to reconstruct our exper-
imental input pulses. Indeed, the temporal and spectral shapes of the
input pulses directly result from the combined effects of self-phase
modulation and dispersion upon propagation in a several meter long
fiber (associated with both the EDFA and the fiber used to cou-
ple to the chip) with anomalous dispersion. We can thus numer-
ically emulate the input pulses to be used in our simulations so
that they resemble the experimental input pulses (see supplementary
material, Sec. I). For this, we use the split step Fourier method so
as to simulate, in a way somewhat equivalent to what happens in
our setup, the propagation of a 2 ps Fourier Transform limited
sech’ pulse of given peak power Py into a 10 m long link of
fiber with standard values of nonlinear parameter y and anomalous
dispersion.

To have a quantity equivalent to the experimental EDFA pump
current setting, we then just adapt the numerical value of Py
so that the simulated “input” pulse characteristics match both the
spectrum and autocorrelation measurements of the input pulses
at the entrance of the waveguide, for each EDFA current (see
supplementary material, Sec. I for related plots). Once the input
pulse shape is so determined, we can vary the pulse energy inde-
pendently in our simulations. This numerically tailored input signal
is next propagated into the hybrid graphene/SizNy chip by solving
the set of equations (1)-(3), so as to reproduce the different curves
of Fig. 6.

We plot in Fig. 7 the results of these simulations (solid lines), by
using the model parameter values indicated in Table I for the three
hybrid waveguides and for various values of coupled pulse energies
along with the experimental data (circles) from Fig. 6.

Our model allows us to reproduce the general trend exper-
imentally observed in Fig. 6, namely, the slight rise of transmis-
sion measured for decreasing pulse duration (achieved around I,
=160 mA) at a fixed pulse energy coupled to the waveguides.
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gr gr T
1.5 T T 2 2
(a) (b) (c) ©% , »
146 18l 18l FIG. 7. Normalized pulse transmission
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Coupled pul f lat lid | d
° E = 0.3pJ ments (circles) as a function of the EDFA
g3 00, S16l S 16 Ep“ls: A1.50] pump current, effectively related to a
£ 000 | g 2 pulse” 1P variable input pulse duration for the three
£ 2 £ £ E s~ 82:8pJ hybrid graphene/Si;N4 waveguides. For
g Mo 0000 Q00| 5 147 g 14 oo E . ~124.0p] each plot with a graphene length of
= = 6 000009290, | & °°°°o° %0, putse 0.5 mm (a), 1.4 mm (b), and 2.3 mm
1.1 %\ Epulse_148'8pJ (c), the different colors correspond to dif-
L2¢ 127 1 ferent values of coupled pulse energies.
The parameters used for the simulation
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TABLE 1. Values of the parameters used in the simulations.

Aejf ny ﬁl

Niat Tc NS o

0.81 ym*> 2.6x10 " m?’W —9.15x 10 %’

m ' 13x10°m ? 150fs 0.6 xap 126 dB/cm

For both Ly, = 1.4 mm and Ly = 2.3 mm, the change in trans-
mission induced by the temporal distribution of pump photons is
well accounted for by our model, especially for the highest coupled
pulse energies, where the relative transmission with respect to the
low power transmission increase is maximum (~190%). Indeed, for
these two lengths, we manage to get a good agreement for both the
absolute increase in the normalized transmission and also its vari-
ation with pulse duration. For lower pulse energy, the simulations
tend to slightly underestimate the rise in transmission that is exper-
imentally observed. This could be explained by a slight variation of
the input pulse characteristics for low values of pulse energy. For the
case Lg; = 0.5 mm, the simulations overestimate the rise in transmis-
sion at the two highest pulse energies and fail to predict the satura-
tion in the rise of transmission observed in this case. Some possible
explanation for this deviation could be related to some defects close
to the edge of the transferred graphene area (where this waveg-
uide with Lg; = 0.5 mm is located), which might induce a larger
contribution of axs.

The different parameters extracted from the comparison
between the measurements and the simulations are mostly phe-
nomenological, as is our model. But they could be useful for the
design of nonlinear graphene-based devices. Most importantly, they
describe average quantities across a wide area of graphene, instead of
local measures that are more likely subjected to variations depending
on the particular graphene quality and inhomogeneity.

The surface carrier density (in the graphene layer part that cov-
ers the waveguides) necessary to saturate graphene absorption and
which best fits with our results Ny, is equal to 1.3 x 10" m~2. It is
comparable to the values previously reported in the literature (for
example, ~10"7 m™? according to Bao et al.”’) and is consistent with
the density of states in graphene at D( %“’ ~04eV)~6x10° m™2.

In our structures, we find that 60% of graphene absorp-
tion is not saturable. Based on our low power graphene absorp-
tion value of ap = 126 dB/cm, graphene losses along our hybrid
waveguides may thus be reduced down to ans = 75 dB/cm. In
our experiment and for Ly, = 1.4 mm, the transmission doubles
for the highest pulse energy. This corresponds to an average loss
of @ = 105 dB/cm along the hybrid graphene/SizsNy structure at
high peak power (~600 W). Although the physical origin of a
nonsaturable component of absorption in graphene is still poorly
understood,”’ the quality of graphene and possibly the presence
of graphene edges seem to play an important role. Moreover, it is
very likely that thermal effects occur, as the coupled mean power
(up to ~3 mW for highest pulse energy) is relatively high, and the
energy mostly absorbed across a short distance of graphene. On a
faster scale, the phenomenological relaxation time does not allow
us to fully describe the dynamics of hot, photoexcited carriers in
graphene. Finally, more complex effects such as two photon absorp-
tion, refraction, and absorption caused by free carriers generated in
graphene could contribute indirectly to the emergence of an effective

APL Photon. 4, 076102 (2019); doi: 10.1063/1.5094523
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nonsaturable component of the absorption that appears for short
graphene lengths.

In our model, the saturable absorption is directly explained by
Pauli blocking, related to the filling state of the upper band. From
the comparison of our simulations and experiments, we retrieve a
corresponding phenomenological lifetime 7. = 150 fs for the excited
carriers. This lifetime accounts for all kinds of relaxation and recom-
bination processes that might occur in graphene and indicates how
much time a given photoexcited carrier stays, on average, in the
excited state so as to forbid subsequent carrier excitation into the
upper band. This lifetime effectively takes into account both intra-
band and interband relaxation processes that enable photoexcited
carriers to leave the upper state filled upon the absorption of pump
photons. As for Ny, this parameter most likely depends on our pho-
ton excitation wavelength (fiw = 0.8 eV) and the initial doping of
graphene.

Previous nonlinear studies on hybrid graphene based waveg-
uides have focused on the third-order refractive nonlinear response
of graphene, without much attention paid to the saturable absorp-
tion, possibly due to the lower power regimes under investigation
(Ppeak < 2 W). Here, we should be able to extract the nonlinear
refractive signature as well, through measuring the spectral broad-
ening of the pulses at the output of the waveguides, as caused by
¥ induced self-phase modulation. However, spectral broadening
measurements of the output pulses, with or without graphene, pro-
vided very similar results in our case. The spectral changes caused by
graphene were too small to extract any reliable value for the effective
third-order nonlinear refractive index of graphene. This is strikingly
different from what has been observed in the literature recently'>**"'
and all the more surprising as the range of pulse peak power probed
in our work is much larger (by a factor 100 or more) than in pre-
vious studies. If we consider some estimated value for the graphene
5o hene . ~107"* m? /W extracted from the
literature,'"** the effective coefficient of our hybrid graphene/SizNy

it o7 i,
According to our simulations, such a high effective negative third
order nonlinear index of the hybrid graphene/Si3sN4 would not nec-
essarily cause a very strong spectral change, mostly due to the chirp
of the excitation pulses at the entrance of the hybrid waveguide.
However, the effect should still be noticeable on the spectrum and
was not experimentally (see further discussion in supplementary
material, Sec. IT). We alternatively implemented, in our model, the
approach proposed by Vermeulen et al.,”' which considers the free
carrier refraction in graphene instead of a nonlinear Kerr coefficient.
The results are not really conclusive for the chirped input pulses
considered here (see supplementary material, Sec. II). Eventually,
the spectral signature of the hybrid waveguide is better reproduced
numerically through assuming a low refractive third-order nonlin-
ear response of graphene, whether it be described through a Kerr

nonlinear coefficient of #

waveguide should be roughly equal to n
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index nonlinear coefficient or a free-carrier refraction effect. The
reason why we did not observe any strong self-phase modulation
signature is still an open question. The residual graphene doping
level could be partly responsible for this, as the optical response
of graphene, including its nonlinear response, has been shown to
strongly depend on the doping level."”

We stress again that the most striking effect that was experi-
mentally observed was the saturable absorption of graphene, which
is fully accounted for by our model. We note that the consis-
tent variation in transmission found by our simulations does not
depend much on the nonlinear refractive response of our hybrid
graphene/SisN4 waveguide and under our experimental conditions.
Considering the parameters used for graphene saturable absorption
(ans, Nsat, and 7. in Table 1), the simulated transmission values are
indeed similar for an effective nonlinear refractive index equal to
either that of Si3sNy (;1§i3N4 =2.6 x 107" m?/W) or that of a strongly

Zf;;?d = -107Y mz/W). Indeed, the
pulse spectrum that is affected by the nonlinear refractive response
has no direct impact on the saturable absorption since absorption
is independent of wavelength in our model. This is a fair assump-
tion considering the graphene optical response and the limited pulse
spectrum span. As to potential spectral/temporal crossed effects,
we note that the dispersion of our hybrid waveguides is very weak
(the dispersion length Lp ~ 14 cm for the shortest pulses). Under
these conditions, any change in the pulse spectrum along the waveg-
uide does not have much effect on the temporal shape of the pulse,
which predominantly impacts saturable absorption in our simula-
tion. Hence, we can conclude that saturable absorption and refrac-
tive third-order nonlinear effects are relatively independent in our
hybrid graphene/SisNs waveguide, although the conclusion might
be strongly different for structures with higher dispersion.

Finally, our model allows us to take into account a wide range of
¥ based nonlinear effects as well as graphene saturable absorption
and to investigate their interplay on the propagation of short optical
pulses in hybrid nonlinear waveguides. Its relatively good agreement
with our experimental results tends to demonstrate its validity, with
carrier dynamics playing a central role in the observed rise in trans-
mission. We re-emphasize that this model could be readily extended
to include other kinds of phenomena such as free carrier induced
absorption and refraction effects, if applicable.

nonlinear hybrid structure (n

VI. CONCLUSION

In conclusion, we studied the nonlinear optical response of
graphene integrated onto Si3N, waveguides under picosecond pulse
excitation. The relatively weak nonlinear response of the underlying
Si3Ny material allowed us to investigate and unambiguously isolate
the nonlinear response of graphene for a much wider range of peak
powers (up to a few hundred watts) than in previous work. Our
results demonstrate a significant saturable absorption of graphene
on a chip-based platform, which might provide a key nonlinear ele-
ment for integrated mode-locked lasers or, more generally, advanced
photonic integrated circuits such as programmable nanophotonic
processors and optical neural networks. Furthermore, we showed a
strong impact of the pulse duration (between 0.2 ps and 2 ps) onto
the saturation of graphene absorption. We correlated these obser-
vations with a phenomenological model taking into account carrier

APL Photon. 4, 076102 (2019); doi: 10.1063/1.5094523
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dynamics in graphene. By implementing this model in the nonlinear
Schrédinger equation, we simulated the propagation of the optical
pulses along hybrid graphene/SizN4 waveguides, while including all
effects related to waveguide dispersion, Kerr nonlinearity, and power
dependent propagation loss in graphene. Our simulation results
reproduce relatively well the experimentally measured power depen-
dent variations in waveguide transmission. They also account for
the impact of the pulse duration on this saturable absorption effect,
which is effectively caused by carrier dynamics in graphene. The
phenomenological parameters (saturated carrier density and carrier
relaxation time) extracted from our model are consistent with values
found for graphene in the literature. This re-emphasizes that carrier
dynamics plays a central role in the nonlinear signature (here sat-
urable absorption) of graphene in chip-based platforms. Finally, our
model gives a comprehensive approach that can simulate the impact
and interplay of various linear and nonlinear effects on the spectral
and power variation of pulses propagating in nonlinear waveguides.
As such, it represents a useful tool for unraveling the rich nonlin-
ear response of hybrid graphene based waveguides, while providing
guidelines for the design of efficient graphene chip-based devices.

SUPPLEMENTARY MATERIAL

See supplementary material for more information about input
pulse characterization and modelization, as well as further discus-
sion on spectral broadening measurements.
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