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ABSTRACT

The firs nonlinear-optical experiments with graphene date back over a decade, and a wide range of research breakthroughs has been reported
since then, particularly on the third-order nonlinearities of the material. Graphene has been shown to exhibit extraordinary saturable absorp-
tion properties as well as extremely strong nonlinear refraction effects, both of which hold promise for practical use in nonlinear-optical
devices. In this Perspective, after providing a very brief overview of the state of the art, I elaborate on the most relevant material parameters for
future research and development activities in this domain, while also highlighting specifi features of graphene’s linear and nonlinear-optical
properties that are sometimes overlooked in experiments. Finally, I present my view on what the opportunities and remaining challenges are
in the practical exploitation of graphene for nonlinear-optical applications.

© 2022 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/). https://doi.org/10.1063/5.0082728

I. INTRODUCTION

Graphene is seen as one of the most revolutionary new mate-
rials of this century. The firs successful isolation of a truly two-
dimensional layer of carbon atoms in 2004 (Novoselov et al., 2004)
represented a full-fledge paradigm shift in material science and
many other research disciplines, including optics and photonics
(Bonaccorso et al., 2010). Due to its unique linear energy band struc-
ture with zero bandgap and with charge carriers that behave as mass-
less Dirac fermions, graphene exhibits extraordinary linear and
nonlinear-optical properties (Yamashita, 2019; You ef al., 2019). The
linear absorption of intrinsic, i.e., undoped, graphene for perpendic-
ularly incident light equals 2.3%, a remarkably large value for a mate-
rial just one atom thick. In addition, its third-order nonlinear-optical
response—the lowest-order optical nonlinearity that is allowed in
inversion symmetric materials, such as graphene—has also been
shown to be very pronounced (Yamashita, 2019; You et al., 2019).

This Perspective focuses on the third-order nonlinear optics
of graphene, which comprises both absorptive and refractive pro-
cesses. After providing a brief description of the state of the art in
this research field I take a closer look at the most relevant mate-
rial parameters for future research and development activities in
this domain. Finally, I present my view on the opportunities and
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remaining challenges in the practical exploitation of graphene for
nonlinear-optical applications.

Il. STATE-OF-THE-ART HIGHLIGHTS

Over the past decade, graphene’s third-order nonlinear optics
has been extensively investigated, and a wide range of new insights
and breakthroughs has been reported. The goal of this brief state-
of-the-art (s-o-t-a) section is to highlight those breakthroughs that
underpin the perspective discussions in Secs. III and IV. A more
detailed overview of the s-o-t-a can be found in several review papers
published in recent years on this topic, such as Yamashita (2019) and
You et al. (2019).

A. Absorptive nonlinear optics of graphene: s-o-t-a
highlights

The main absorptive third-order nonlinear effects are two-
photon absorption and saturable absorption. In particular, the latter
has been extensively studied in graphene over the past decade.
When photons are absorbed in graphene, free carriers are gener-
ated, and at sufficientl high irradiances, the free-carrier generation
will experience Pauli blocking in the valence/conduction band. As

7, 020901-1



APL Photonics PERSPECTIVE

such, the optical absorption will saturate. Inspired by earlier sat-
urable absorption studies with carbon nanotubes (Hasan ef al., 2009;
Sun et al., 2010), the nonlinear-optics community turned its atten-
tion to graphene starting from 2009. In that year, Bao and co-
workers measured the nonlinear transmission of quasi-undoped
graphene samples at near-infrared telecom wavelengths and demon-
strated saturable absorption with a low saturation carrier density
{Ngt ~ 10" cm™ for few-layer graphene [Fig. 1(a)]}, an ultrafast
recovery time at (sub-)picosecond time scales, a wide operation
bandwidth, and a modulation depth that could be varied by at
least a factor of 10 by changing the number of graphene layers
(Bao et al., 2009). These pioneering experiments served as the start-
ing point for several in-depth studies on the underlying physics
[see, e.g., Xing et al. (2010), Vasko (2010), Marini et al. (2017),
and Hafez et al. (2020)]. Moreover, different strategies were devel-
oped to further enhance graphene’s saturable absorption behavior,
e.g., by means of plasmonics (Wang ef al, 2015; Cox and Gar-
cia de Abajo, 2018; and Rafiqu et al, 2021) or by moving to longer
excitation wavelengths where the saturation threshold decreases
(Yamashita, 2019). Note that in the THz domain almost full bleach-
ing of graphene’s absorption has been observed as a result of
saturation (Mics ef al., 2015).

Graphene’s unusual saturable absorption properties have
attracted wide attention not only from a fundamental physics point
of view but also for the purpose of practical applications. In 2009,
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Bao et al. reported on the successful implementation of graphene
as a saturable absorber in a fibe laser to obtain modelocked oper-
ation with femtosecond laser pulses in the near-infrared telecom
domain (Bao et al, 2009). They deposited graphene on the output
facet of a fibe pigtail in the laser cavity such that the laser beam
propagated across the graphene sample in the perpendicular direc-
tion [Figs. 1(b) and 1(c)], like it would in a free-space excitation
setup. Soon after, a graphene saturable absorber was demonstrated
with the graphene sheet integrated along a side-polished fiber a
configuratio where the 2D material was exposed to the evanescent
field of the fibe mode, resulting in guided-mode excitation along
the plane of the graphene rather than across it [Figs. 2(a) and 2(b)]
(Song et al., 2010). Through this approach, the 2D material is able to
withstand higher (kW range) peak powers in the modelocked laser
cavity than when used in a perpendicular free-space excitation con-
figuration and at the same time, it can interact over a longer distance
with the laser pulses (Song et al., 2010). The pulse energies at which
saturation kicks in can go below 1 nJ (Kuo and Hong, 2014). This
guided-mode excitation approach became widely adopted over the
years [see overviews in Martinez and Sun (2013), Zapata et al. (2016),
Guo et al. (2019), and Peng and Yan (2021)], and the quality of
such graphene-on-fibe saturable absorbers greatly improved along
the way, thanks to the maturing graphene production techniques
(e.g., chemical vapor deposition (CVD) growth, mechanical exfolia-
tion, and liquid-phase exfoliation) and transfer techniques based on

Cangbaereg
Mode-locker

10% Output

FIG. 1. (a) Saturation carrier density and modulation depth vs number of graphene layers, (b) photograph of a fibe pigtail coated with a graphene fil and the corresponding
schematic, and (c) fibe laser configuratio with a graphene saturable absorber as the modelocking element. WDM: wavelength division multiplexer, EDF: erbium doped
fibe amplifie , and SMF: single mode fibe . Reproduced with permission from Bao et al., Adv. Funct. Mater. 19, 3077-3083 (2009). Copyright 2009, John Wiley and Sons.
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FIG. 2. (a) Schematic of a saturable absorber consisting of graphene deposited
along a side-polished fibe . (b) lllustration of the evanescent fiel of the fibe mode
interacting with the graphene layer. Reproduced with permission from Song et al.,
Appl. Phys. Lett. 96, 051122 (2010). Copyright 2010, AIP Publishing.

wet and dry chemical methods (Lee et al., 2017; Chen et al,, 2021).
Furthermore, the guided-mode excitation scheme did not remain
limited to fiber only: starting from 2013, also on-chip waveguides
made of silicon and silicon nitride were enriched with graphene
placed along the waveguide surface to demonstrate saturable absorp-
tion within a laser cavity (Wong et al., 2013; Kovacevic et al., 2018;
and Deng et al.,, 2021). The advantage of graphene-on-waveguide
saturable absorbers is that the waveguides’ tiny modal area below
1 um?® can reduce the saturation pulse energy to less than 1 pJ
(Deng et al., 2021).

B. Refractive nonlinear optics of graphene: s-o-t-a
highlights

Third-order nonlinear-optical refraction in graphene com-
prises, among others, third-harmonic generation, four-wave mix-
ing, and phase modulation interactions, all of which rely on an
irradiance-induced nonlinear change in the refractive index of the
2D material. In 2010, Hendry and co-workers carried out four-
wave mixing experiments at visible and near-infrared wavelengths
with graphene on a glass substrate in a free-space excitation setup
[Figs. 3(a) and 3(b)]. By comparing the four-wave mixing con-
version efficienc with that of gold [Fig. 3(c)], they extracted an
extremely large magnitude of the third-order susceptibility ‘X(3)|

~ 1077 esu ~107"° m*/V? for quasi-undoped monolayer graphene,
a value that is about 5 orders of magnitude larger than that of silicon
or 4 orders of magnitude larger than that of GaAs at 1550 nm wave-
length (Hendry et al., 2010). They also observed that the four-wave
mixing response increased for multilayer graphene samples of up to
six layers as a result of constructive interference of the radiated field

from the different layers (Hendry et al., 2010). These seminal results
would soon be followed by many more graphene characterization
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experiments in the free space, several of them using Z-scan(-like)
measurements (Chen ef al., 2013; Demetriou ef al., 2016; Dremet-
sika et al., 2016; and Thakur et al., 2019), which allowed extracting
not only the magnitude but also the sign of the nonlinearity. The
sign turned out to be variable, as both positive and negative nonlin-
earities were measured. The former was reported for quasi-undoped
graphene excited at relatively short wavelengths (e.g., 800 nm)
(Chen et al., 2013; Thakur et al., 2019), while the latter was observed
at longer wavelengths (e.g., 1550 nm) (Demetriou ef al, 2016;
Dremetsika ef al., 2016). Graphene’s nonlinear refraction was also
found to become even more pronounced when combining the 2D
material with, e.g., plasmonics (Calafell et al., 2021) or quantum dots
(Hong et al,, 2021) or when exciting it at THz wavelengths, yield-
ing an enormously enhanced nonlinearity of ‘Xe(sf)‘ ~ 1077 m*/V?
(Hafez et al., 2018).

While the nonlinear refraction measurements described above
relied on free-space excitation of graphene, also guided-mode exci-
tation of graphene deposited along fiber and on-chip waveguides
was extensively explored for this purpose (Wu et al., 2014; 2015;
An et al., 2020; Gu et al., 2012; Vermeulen et al., 2016; 2018; and
Alexander et al., 2017). Initially, four-wave mixing experiments were
reported, and it was shown that depositing graphene on a silicon
waveguide could result in a ten times larger nonlinearity magnitude
than that of the bare waveguide [i.e., an effective nonlinear index
N With a magnitude of 4.8 x 1077 m?%/W (0.44 x 107 m?/W) for
a graphene-covered (bare) silicon waveguide] (Gu et al., 2012). After
the initial four-wave mixing experiments, also phase modulation
measurements were carried out (Vermeulen ef al., 2016; 2018). The
latter entailed spectral broadening experiments with chirped laser
pulses at telecom wavelengths in graphene-covered waveguides. For
pulse peak powers of only a few Watts, a more than twofold broad-
ening was obtained in a silicon nitride waveguide decorated with
a mm-long section of quasi-undoped monolayer graphene (Ver-
meulen et al, 2018) [Figs. 4(a)-4(c)]. The use of chirped input
pulses in these broadening experiments also allowed extracting both
the nonlinearity magnitude and sign of the graphene top layer.
The nonlinearity sign turned out to be negative at telecom wave-
lengths (Vermeulen ef al,, 2016) as it was also found in parallel in
the free-space Z-scan(-like) experiments of Demetriou ef al. (2016)
and Dremetsika ef al. (2016). Furthermore, the guided-mode exci-
tation scheme employed in the study of Vermeulen ef al. (2016;
2018) allowed investigating graphene’s nonlinear refractive behav-
ior as a function of interaction length. Unusual length dependences

FIG. 3. (a) Schematic of the experimental layout for four-
wave mixing experiments with graphene, using excitation
beams with frequencies w4 and w, generating emission at
we. (b) Diagram of energy conservation in the four-wave
mixing process. (c) Four-wave mixing emission spectrum of
a graphene monolayer excited with 969 nm/1179 nm pump
wavelengths, compared to the emission of a 4 nm thick gold
fil  under the same experimental conditions. Reproduced
with permission from Hendry et al., Phys. Rev. Lett 105,
097401 (2010). Copyright 2010, American Physical Society.
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FIG. 4. (a) Setup for spectral broadening measurements
of laser pulses in graphene-covered waveguides. SMF:
single-mode fibe , VOA: variable optical attenuator, PC:
polarization controller, and OSA: optical spectrum analyzer.
(b) Microscope image of the waveguides covered with,
respectively, 220, 440, 660, 880, and 1100 xm-long mono-
layer graphene sections. (c) Broadening factor vs graphene
length for input pulses with 3 ps pulse duration, 2.7 W peak

power, and 1563 nm wavelength and with either a positive

were observed, such as a quasi-exponential growth with distance of
the pulse spectral broadening [see the curve for a negative input
chirp in Fig. 4(c)] (Vermeulen ef al, 2018). This extraordinary
behavior showed that nonlinear refraction effects in graphene are
not necessarily due to a perturbative nonlinearity associated with
bound-electron transitions, as it had been initially assumed. Instead,
they are often better described as free-carrier refraction effects (Ver-
meulen ef al., 2018; Baudisch ef al., 2018) with essentially the same
carrier dynamics as in the case of saturable absorption. Indeed,
in many cases, graphene’s nonlinear refraction mostly originates
from photoexcited free carriers that experience Pauli blocking at
sufficientl high irradiances. As such, one can speak of saturable
photoexcited carrier refraction (SPCR) (Vermeulen et al., 2018;
Castello-Lurbe et al., 2020), with a saturation behavior similar as for
saturable absorption (Demongodin ef al., 2019).

I1l. GRAPHENE CHARACTERIZATION IN THE FRAME
OF NONLINEAR-OPTICAL EXPERIMENTS

Due to its single-atom thickness, graphene can be considered
as a material that is “interface all over.” As a result, its properties are
heavily influence by its production method, by the environments
it is exposed to, and by the substrate material it is placed on—with
fiber and on-chip waveguides also denoted here as “substrate.” This
also implies that different graphene samples could exhibit different
nonlinear-optical characteristics. Hence, an in-depth characteriza-
tion of the graphene sample used in nonlinear-optical experiments
is extremely important both from fundamental science and practical
application points of view.

In the scientifi publications reporting on nonlinear-optical
experiments with graphene, one generally find information about
the material production method, the number of graphene layers,
and the substrate material, together with microscopic and/or spec-
troscopic characterization data. However, the doping level or Fermi
level of the graphene sample is often not specified The Fermi
level is known to determine the linear optical properties of the
2D material, but it can also have a large impact on its nonlin-
ear refraction efficienc (Alexander et al.,, 2017; Jiang et al., 2018;
Soavi ef al, 2018; and An ef al, 2020) and its saturable absorber
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properties (Lee ef al,, 2012; 2015). Several techniques have been
developed to characterize graphene’s Fermi level; most of them are
based on electric fiel effect measurements (Novoselov et al., 2004;
Mitta et al.,, 2021), Hall effect measurements (Mitta ef al., 2021),
Raman spectroscopy (Bruna ef al., 2014), or infrared transmission

FIG. 5. (a) Schematic structure of double gated trilayer graphene on a fla sub-
strate. The bottom gate is the Si substrate covered by SiO,. The top gate is formed
by SiO, and Au. The trilayer graphene is contacted by Au electrodes. (b) Atomic
force microscopy image of graphene with top gates (light brown) and electrodes
(dark brown). Reproduced with permission from Craciun et al., Nano Today 6,
42-60 (2011). Copyright 2011, Elsevier.

-, Cranie

FIG. 6. (a) Left: Schematic structure of gated graphene on a waveguide, with an
overlay of the waveguide mode plot. The graphene is contacted by a Pt electrode.
The Si waveguide is covered by a thin layer of Al,O3 to form the gate. Right:
Cross section through the center of the waveguide, with the purple curve showing
the magnitude of the electric field (b) Scanning electron microscopy image of the
graphene gating structure. Reproduced with permission from Liu et al., Nature 474,
64-67 (2011). Copyright 2011, Springer Nature.
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spectroscopy (Lee ef al., 2012). Besides characterizing the Fermi
level, one can also actively tune it by applying gating to the graphene.
Such gating has been successfully demonstrated for graphene on top
of fla substrates, fibers and on-chip waveguides (Figs. 5-7) [see,
e.g., Craciun et al. (2011), Bruna et al. (2014), Jiang et al. (2018),
Lee et al. (2015), An et al. (2020), Liu et al. (2011), and Alexan-
der et al. (2017)], often over a wide Fermi energy range of the
order of 1 eV. The pronounced impact that gating has on graphene’s
nonlinear-optical performance highlights the tunable nature of the
2D material. At the same time, it underlines how important it is to
specify in all future publications at what Fermi level the reported

I lgquid
Graphene

Side-polished

fibra (SPF) gaction

scitation.org/journal/app

measurements were taken. This recommendation also holds when
neither gating nor (chemical) doping is applied to the graphene sam-
ple, as the 2D material often acquires unintentional doping already
during the production phase (Ciuk et al., 2013).

In the preparation of nonlinear-optical measurements, the
firs step should be to characterize the linear optical properties
of the graphene sample and, in particular, its linear absorption
o at low excitation powers. Such a linear optical characteriza-
tion gives a straightforward “quality check” of the sample used
(Bruna and Borini, 2009) and can also confir the number of
layers (Zhu et al, 2014) and/or the doping level of the material

FIG. 7. (a) Schematic structure of gated graphene on a side-
polished fibe . Normalized nonlinear transmission curves
for bilayer graphene deposited on a side-polished fibe
at applied gate voltages of (b) —=1.2 V, (c) —0.8 V, (d)
—0.3 'V, and (e) +0.2 V. Reproduced with permission from

Ve=-12V b

Lee et al., Nat. Commun. 6, 6851 (2015). Copyright 2015,
Springer Nature.
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(Lee et al, 2012). Care must be taken that the light polar-
ization dependence of « is verifie during the measurements
(Zhang et al., 2020) and that the loss contributions of the bare sub-
strate material are factored out. « is also an essential parameter from
an application point of view, as it strongly impacts the performance
of practical graphene-based devices (see Sec. IV).

In case of saturable absorption experiments, the parameters to
be determined are the saturation carrier density Ny, the relative
modulation depth, and the effective carrier relaxation time 7 in
case the measurement setup allows for time-resolved pump-probe
transmission measurements (Bao ef al., 2009). The saturation carrier
density Ng, is a very important material property of the graphene
sample (Bao et al., 2009), but it is not always explicitly specifie in the
literature since excitation-related quantities, such as saturation irra-
diance, power, energy, or fluence are more commonly used. The rel-
ative modulation depth is another material parameter that is define
as the ratio between graphene’s saturable loss and total linear loss a,
ie, as/a = as/(as + ons), with as and ans representing the saturable
and non-saturable loss, respectively (Bao et al, 2009). The third
material property, 7., is a function of both a fast and slow decay
time related to carrier—carrier and carrier-phonon intraband and
interband scattering processes in graphene (Dawlaty ef al., 2008).
The combination of N, the modulation depth, and 7. measured
for a given graphene sample determines its performance as a sat-
urable absorber and hence also governs the pulsed laser performance
that can be obtained with it.

Turning now to the characterization of graphene’s nonlinear
refraction, many works in the literature report on the conversion
efficienc of wave mixing processes, such as four-wave mixing and
third-harmonic generation. While conversion efficiencie are very
relevant for practical applications, quantifying the actual nonlinear-
ity of the graphene sample provides even more valuable information.
Here, special care must be taken to properly separate the refrac-
tive nonlinearity contributions of the substrate material and the
graphene on top (Vermeulen ef al., 2016). The refractive nonlinear
coefficient that are commonly reported for graphene are the third-
order susceptibility y** [or equivalently the third-order conductivity
o (Cheng et al., 2014)], the effective nonlinear index n; e, and also
the free-carrier refraction coefficien ogcr (Vermeulen et al, 2018;
Demongodin ef al,, 2019). Using X(3 is, in principle, only allowed
for a purely perturbative nonlinearity induced by bound-electron
transitions, while graphene often produces non-perturbative non-
linear refraction induced by free carriers (Vermeulen ef al., 2018;
Baudisch ef al,, 2018). In the latter case, it is more appropriate
to use orcr rather than x®, and in addition, a proper quantifi
cation of the carrier relaxation time 7.4 and the saturation car-
rier density Ny becomes as relevant here as it is for saturable
absorption (Vermeulen ef al., 2018; Demongodin ef al., 2019; and
Castellé6-Lurbe et al., 2020).

As mentioned in Sec. II B, besides measuring the magnitude
of graphene’s refractive nonlinearity, it is also important to deter-
mine its sign using, for example, Z-scan(-like) characterization in a
free space configuratio or chirped-pulse-pumped spectral broad-
ening measurements in a waveguide configuration The refractive
nonlinearity of graphene can be either positive or negative (Castello-
Lurbe ef al., 2020) and hence can interact in different ways with that
of the substrate. In case both the 2D material and the substrate fea-
ture equal nonlinearity signs, there will be mutual enhancement of
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the nonlinear responses, while opposite signs will lead to counter-
acting nonlinear behaviors (Vermeulen ef al., 2016). While the latter
is undesirable for many applications, such a counteraction can also
open up innovative applications that were not considered previously
(see Sec. IV B).

IV. EXPLOITING GRAPHENE’'S NONLINEAR OPTICS:
OPPORTUNITIES AND REMAINING CHALLENGES

A. Absorptive nonlinear optics of graphene:
Opportunities and challenges

Graphene performs very well as a fast saturable absorber and
has already been embedded in various fibe laser setups to obtain
pulsed operation, either in the modelocked or Q-switched regime
(Guo et al, 2019; Peng and Yan, 2021). As pointed out in Sec. IT A,
when integrated along an optical fiber it can interact with the
evanescent field of the fibe mode so that no damage can occur
in the 2D material at kW laser powers and the interaction length
can be tailored for optimal performance (Song et al., 2010). Vari-
ous graphene-on-fibe transfer techniques were developed over the
years (Chen et al., 2021), but to enable commercialization of such
saturable absorbers, additional standardization and upscaling of the
techniques will be required. An ideal solution would be to have high-
quality CVD growth of graphene directly on the fibe surface. Direct
CVD growth of graphene on dielectric surfaces with a low surface
energy is usually challenging, but the progress recently made in this
area looks promising (Kahn et al., 2018).

An alternative platform for guided-mode excitation of
graphene is on-chip waveguides. These feature a smaller modal area
than fibers and as such, the combination of graphene with on-
chip waveguides allows reducing the saturation pulse energies down
to sub-p]J values (Deng et al,, 2021). However, placing a saturable
absorber based on a photonic chip rather than a fibe within a fibe
laser cavity results in higher insertion losses because of the ineffi
cient fiber-to-chi coupling used so far, with typically at least 5 dB
loss per interface (Wong ef al., 2013; Kovacevic ef al., 2018; and
Deng et al., 2021). Recent advances in optical interconnect manufac-
turing, such as two-photon polymerization-fabricated fiber-to-chi
coupling structures with reduced coupling losses around 1.5 dB
(Vanmol ef al., 2020), could provide a solution for this issue. Note
also that transferring graphene on planar photonic chips is con-
sidered more straightforward than on fibers but in both cases,
direct graphene growth on the waveguiding media would be ben-
eficia from the point of view of standardization and upscaling
(Kahn et al., 2018).

There are also interesting opportunities in the tunability of
graphene’s saturable absorption properties, regardless of the type
of substrate material it is placed upon. Changing its Fermi level
leads to a change in modulation depth (Lee ef al, 2012; 2015).
As such, graphene’s saturable absorption behavior can be varied in
real time by means of gating (Lee ef al., 2015) [Figs. 7(a)-7(e)]. In
fact, this real-time tunability represents a very important advan-
tage of graphene as compared to other 2D materials considered
for saturable absorption. To reduce the saturation carrier density
Niat, one can increase the number of graphene layers, although this
will also affect the modulation depth (Bao et al., 2009). Indeed,
when replacing few-layer graphene by 10-layer graphene, the rel-
ative modulation depth can decrease by an order of magnitude

7,020901-6



due to the increased non-saturable loss caused by enhanced scat-
tering in graphene multilayers (Bao ef al., 2009). An alternative
approach to lower Ny is to move to longer operation wavelengths,
as pointed out earlier. Finally, both the effective relaxation time .
and Ny can be reduced by combining graphene with plasmonic
structures (Wang et al.,, 2015; Rafiqu et al., 2021) or by exploiting
the plasmonic response in graphene nanoribbons (Cox and Gar-
cia de Abajo, 2018). However, it is not clear yet what modulation
depths such configuration could yield and how they can be realized
for graphene on a fibe or waveguide.

To optimally engineer Ny, the modulation depth, and 7
all simultaneously, further investigations will be needed (Hus-
sain, 2019), both from theoretical and experimental points of view.
The latest theoretical frameworks [e.g., Marini et al (2017) and
Hafez et al. (2020)] account for several effects, such as doping, carrier
temperature, and carrier—carrier interactions, and they clarify many
of graphene’s experimental saturable absorption properties. How-
ever, there still exist discrepancies regarding, e.g., the relaxation time
values (Marini ef al., 2017). Further insights from both modeling
and experiments could address these and at the same time provide
new routes for graphene-based saturable absorption “at its best” with
customized tailoring to meet the targeted specifications

B. Refractive nonlinear optics of graphene:
Opportunities and challenges

Graphene has been shown to exhibit strong third-order non-
linear refraction, and when integrated along an optical fibe or
on top of an on-chip waveguide, the interaction length can be
chosen such that optimal performance is obtained. Both four-
wave mixing and phase modulation experiments were carried out
with graphene-covered fiber and waveguides (Wu et al, 2014;
2015; An et al., 2020; Gu et al., 2012; Vermeulen et al., 2016;
2018; and Alexander ef al, 2017), and the observed effects were
very pronounced, even at sub-Watt excitation powers and sub-
mm-scale interaction lengths (Vermeulen et al., 2018). The third-
harmonic generation response of graphene has mostly been stud-
ied using free-space excitation rather than guided-mode excitation
(Kumar et al., 2013; Hong et al., 2013; 2021; Baudisch et al., 2018;
Jiang et al., 2018; Soavi et al, 2018; and Calafell et al, 2021),
since for this nonlinear process the longer interaction length avail-
able in waveguiding media can only be efficientl exploited if the
widely spaced fundamental and third-harmonic wavelengths are
phase matched. Advanced dispersion engineering and intermodal
phase matching [see, e.g., Efimo efal. (2003) and Surya ef al. (2018)]
have already enabled phase-matched third-harmonic generation in
waveguiding media without graphene (Fig. 8), so it would be inter-
esting to investigate the change in conversion efficienc when adding
graphene to these bare waveguiding structures.

From an application perspective, graphene’s nonlinear refrac-
tion, although pronounced, is further away from practical usage as
compared to its saturable absorption functionality. The manufac-
turability of refractive and absorptive graphene devices is essentially
the same (see Sec. IV A), but the lossy nature of graphene has a dif-
ferent impact on their respective application fields When graphene
on a fibe or on-chip waveguide is used as a saturable absorber in
a laser cavity, its unwanted absorption loss (i.e., the non-saturable
loss ans) can be compensated for by the gain that the laser amplifie
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FIG. 8. (a) Spectrograph image of third-harmonic light scattered from a bare
ring waveguide device designed for third-harmonic generation with intermodal
phase matching. (b) Scanning electron microscopy image of the ring device. (c)
Schematic of the experimental setup. An infrared (IR) pump beam is coupled
into the ring through a wavelength division multiplexer (WDM). Two visible pho-
todetectors (Vis PDs) and one IR photodetector (IR PD) were used to monitor
the third-harmonic output and the IR transmission, respectively. Reproduced with
permission from Surya et al., Otpica 5, 103-108 (2018). Copyright 2018, Optica
Publishing Group.

provides. In contrast, nonlinear refraction devices, such as all-optical
wavelength converters, broadband light sources, or nonlinear pulse
compressors, usually do not contain amplifying media, and the
implementation of graphene in such devices tends to result in a
significan reduction of the overall output power as compared to
the input power. A possible solution could be to further enhance
the material’s refraction efficienc such that the required graphene
length on the fibe or waveguide can be shortened and the losses
reduced. As pointed out in Sec. II B, orders-of-magnitude refrac-
tion enhancements have been obtained by adding plasmonics or
quantum dots or by applying THz excitation to graphene sam-
ples in the free space (Calafell ef al,, 2021; Hong et al., 2021; and
Hafez et al., 2018). However, it remains to be seen how these
enhancement approaches should be implemented for graphene on
a fibe or waveguide and what the overall refraction-versus-loss
balance would be in that case. Alternatively, one can focus on reduc-
ing the unwanted graphene losses. Electrical gating as illustrated
in Figs. 6 and 7 can indeed reduce the losses in graphene, but it
also influence the nonlinear refraction efficienc of the 2D mate-
rial. Hence, to enable practical nonlinear refraction devices based
on gated graphene-covered fiber and waveguides, one needs to
determine the gating conditions where sufficientl low absorption
for real-life applications is combined with high-performance device
operation.

Itis clear that further investigations, both theoretical and exper-
imental, will be required to fin the optimal refraction-versus-loss
balance for all of the approaches described in this section. A wide
variety of theories on graphene’s nonlinear refraction have been
presented over the past decade [see, e.g., Zhang and Voss (2011),
Cheng et al. (2014; 2015), Mikhailov (2016), Baudisch et al. (2018),
and Castello-Lurbe et al. (2020)], but the importance of free-carrier
refraction effects requiring non-perturbative treatment has become
more apparent over the past few years (Vermeulen ef al., 2018; Baud-
isch et al,, 2018; and Castell6-Lurbe ef al, 2020). The theoretical
frameworks of Baudisch et al. (2018) and Castell6-Lurbe et al. (2020)
describe free-carrier-induced nonlinear refraction in graphene start-
ing from its fundamental material properties. Both the Fermi level
and carrier temperature were shown to have an important impact
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on the refractive behavior, and the calculation results were also vali-
dated with experimental data. In one of the frameworks (Castello-
Lurbe et al., 2020), the so-called population recipe (Butcher and
Cotter, 1990) was adopted to obtain a closed-form expression
containing ofcr, for the nonlinear response, an expression that
can be readily embedded in the pulse propagation equations used
for waveguiding media. This approach is beneficia for practical
device design as it allows predicting graphene’s nonlinear refrac-
tive behavior in both free-space and guided-mode configuration
(Castell6-Lurbe et al., 2020; Linale ef al., 2022). At the same time,
the population recipe it relies on only holds for excitation pulses
of at least 100 fs. Very recently, another model was introduced
that, although not as easily accessible as the framework in Castello-
Lurbe et al. (2020), allows dealing with excitation pulses shorter than
100 fs in graphene-covered waveguides (Sahoo ef al,, 2021).

Despite the challenging refraction-versus-loss equilibrium as
pointed out above, graphene might fin applications well beyond
the well-established nonlinear device functionalities, such as all-
optical wavelength conversion and nonlinear pulse compression.
For example, as pointed out in Sec. II B, when moving from tele-
com excitation wavelengths around 1550 nm to short-wave near-
infrared wavelengths around 800 nm, the refractive nonlinearity of
quasi-undoped graphene can switch sign from negative to positive
(Chen et al., 2013; Vermeulen et al., 2016; Demetriou et al., 2016;
Dremetsika ef al., 2016; and Thakur ef al., 2019). As such, one could
conceptualize a graphene device that spectrally broadens pulses in
one spectral domain, while inducing spectral narrowing in another.
In addition, when considering operation at a fixe wavelength,
graphene could be exploited as a material that cancels out unwanted
nonlinear effects from other materials with opposite nonlinearity
sign. Along the same lines, it could even extend the scope of the
“periodic poling” method, often used for second-harmonic gen-
eration, toward third-order processes, such as four-wave mixing
(Vermeulen ef al., 2016). To give an example, while bare silicon
waveguides exhibit a positive nonlinearity at telecom wavelengths,
a negative value was measured after coverage with quasi-undoped
graphene (Vermeulen ef al., 2016). As such, periodic poling could
be obtained by alternating silicon waveguide sections with and
without graphene coverage. An important question remains: Could
the graphene nonlinearity switch sign simply by tuning its Fermi
level with gating? Recent experimental results, indeed, imply real-
time tunability of graphene’s nonlinear refraction both in magni-
tude and sign by means of gating (Alexander ef al., 2018). This
makes graphene, probably, the most versatile nonlinear refractive
material known to date, and the possibilities it enables for future
graphene-on-fiber/waveguid devices are just beginning to reveal
themselves.

V. CONCLUSION

The past decade has brought major progress in the research
on graphene’s saturable absorption and nonlinear refraction behav-
ior. Recent studies have shown that the latter often originates from
free carrier effects, just like saturable absorption. Both nonlinear
phenomena also strongly depend on the fundamental material prop-
erties of the graphene sample under study and particularly on its
Fermi level, so it is of crucial importance to consistently provide this
information in future works.

APL Photon. 7, 020901 (2022); doi: 10.1063/5.0082728
© Author(s) 2022

Integrating graphene along fiber and on-chip waveguides
allows tailoring the interaction length to optimize the nonlin-
ear performance and at the same time represents an important
step forward toward practical graphene-based nonlinear-optical
devices. Graphene-on-fiber/waveguid saturable absorbers have
already been successfully embedded in fibe laser cavities to obtain
modelocked laser operation with ultrashort femtosecond pulses.
Graphene’s nonlinear refraction, however, is further away from
practical usage as compared to its saturable absorption functionality,
as the material’s lossy nature has a different impact on the respec-
tive application fields Nevertheless, the nonlinearity enhancement
approaches demonstrated recently and the tunability of graphene’s
optical properties by means of gating enable several optimiza-
tion strategies to ensure that the material’s practical applicabil-
ity will be determined by its advantageous nonlinear properties
rather than its losses. Furthermore, the versatile nonlinearity sign of
graphene might open up functionalities not considered before, such
as “periodic poling” for four-wave mixing. Further theoretical and
experimental study, combined with advanced device manufacturing,
will pave the way to the optimal exploitation of graphene’s unique
nonlinear-optical properties in real-life applications.
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