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Optimization of Graphene on D-Fiber
Saturable Absorbers

Daniel Felipe Londono-Giraldo

Abstract—The graphene-light interaction in a waveguide can
be optimized through the waveguide design. In the case of non-
linear optical devices, such as saturable absorbers, this optimiza-
tion requires knowledge of the actual intensity that quantifies the
nonlinear interaction with a waveguide mode. In this work we
propose parameters that correctly quantify the strength of sat-
urable absorption. We show that the graphene on D-fiber saturable
absorber can be characterized through the absorption coefficient
and a properly defined saturation power for each mode. We analyze
the dependence of the graphene-light interaction on the geometrical
parameters, chemical potential, number of graphene layers, and
input power. The results show a wide variation of the graphene
absorption with the design, which offers potential for polarizers
with large polarization extinction ratios and saturable absorbers
with low saturation powers. As a function of the number of layers,
the interaction is maximized for five layers, and we predict a reverse
saturable absorption effect for higher number of layers. The pa-
rameters introduced here to quantify the nonlinear graphene-light
interaction can be applied to other waveguide structures and other
2D materials.

Index Terms—Graphene, optical fiber devices, optical waveguide
components, saturable absorbers.

1. INTRODUCTION

HE integration of graphene and other 2D materials into op-
T tical waveguides offers extended interaction lengths versus
the one-atom thickness of normal incidence. In turn, this allows
to better exploit the optical properties of these materials. Side-
polished fibers or D-fibers are especially attractive for all-fiber
systems, such as fiber lasers [1]-[4], fiber sensors [5]-[7] and
in-line optical switches and modulators [8], [9], since they are
easy to fabricate with low insertion loss (< 0.5 dB) [10], [11].
Graphene interacts with light mainly through optical absorp-
tion. When graphene is integrated into D-fibers, the absorption
can be designed to be highly dependent on the polarization,
potentially resulting in broadband, large polarization extinction
ratio polarizers [11]-[14]. Additionally, the absorption can be
varied electrically to develop optical switches and modula-
tors [8] and lasers with electrically controlled operation regime
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(continuous wave, Q-switching, or mode-locking) [10], or it can
be controlled optically, to produce all-optical switches [9], [15]
and saturable absorbers [10], [11], [16]-[20]. In particular, this
type of saturable absorber is a very efficient passive mode-locker
for fiber lasers, resulting in lasers that emit very short light
pulses [11].

The graphene-light interaction in a bare polished fiber is
relatively weak [16], [21]. This is due to the low refractive index
of air (n = 1) above the graphene layer. The interaction can be
improved by covering graphene with an over-cladding [16] or
with a superstrate [13], [21]. In the case of an over-cladding, the
refractive index of the new material is equal to or smaller than the
refractive index of the cladding. In this way, the over-cladding
can have an arbitrarily large thickness. In [16], the authors show
that the graphene-light interaction increases as the over-cladding
refractive index approaches the cladding refractive index. There-
fore, in this case, an index-matched over-cladding provides the
strongest interaction. The interaction can be further improved by
using a superstrate with a refractive index slightly larger than the
core refractive index. In [13], the authors show that increasing
the thickness of a PVB superstrate improves the polarization
extinction ratio of the graphene on D-fiber (GDF) device.

So far, reported GDF saturable absorbers were not optimized.
The optimization of the GDF as a saturable absorber is difficult,
since the actual intensity that drives saturation depends on many
parameters. In the literature on the modal analysis of GDFs,
the graphene-light interaction is usually evaluated through the
mode absorption coefficient [8], [22]. This is sufficient for a
polarizer. However, for nonlinear optical devices such as a
saturable absorber we need to identify which component of the
Poynting vector actually interacts with graphene. The definition
of this intensity for an arbitrary mode is not straightforward,
especially in the case of TM modes. Furthermore, an appropriate
spatial averaging of this intensity along the transverse direction
of graphene is necessary to correctly account for the nonlinear
interaction. We propose a definition of an effective graphene
width, and, accordingly, a mean absorbed intensity, that correctly
characterize the nonlinear optical response of the device. These
parameters facilitate the optimization of the device as a function
of the geometry and number of graphene layers. In the multilayer
case, we find that there is an optimum number of layers, and
beyond that number we predict a reverse saturable absorption
effect.

In this paper, we analyze the graphene-light interaction and
how this depends on the cross-section geometry, pointing to con-
figurations that optimize nonlinear optical devices. We analyze
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Fig. 1. Schematic diagram of the GDF device. (a) Transverse view of the GDF.
The zoomed region illustrates the gap distance d between graphene and the fiber
core and the thickness ¢ of the superstrate layer. (b) Longitudinal view of the
GDF. Sections A, B, and C correspond to the unpolished fiber, the polished
fiber, and the GDF, respectively.

how the GDF depends on the intrinsic parameters of graphene
(chemical potential and scattering rate), number of layers, and
the power coupling across the interfaces from the input fiber to
the GDF. This allows for an accurate modeling of GDF devices,
including saturable absorbers and polarizers. To describe GDF
saturable absorber we propose a saturation parameter that is
compatible with that usually defined for normal incidence. The
same approach can be extended to other waveguide geometries
and to other 2D materials.

II. MODEL OF THE GDF (GRAPHENE ON D-FIBER)

The D-fiber considered in this paper (Fig. 1) is obtained by
side-polishing a standard single mode fiber, to produce a flat
surface at a short distance d from the fiber core. The standard
fiber considered has a step index profile with a core diameter of
8.2 pum, 125 pum external clad diameter, and (at a wavelength
A = 1550 nm) refraction indices of 1.4492 and 1.444 in the core
and cladding, respectively. Graphene is directly on top of the
polished surface (at y = y,) and covered by a superstrate of
thickness ¢ and refraction index n = 1.490 at 1550 nm (corre-
sponding to the commonly used polymer polymethyl methacry-
late - PMMA).

We solved the eigenmodes of the GDF by using the same
simulation methodology as in reference [23], where graphene
is considered as an ideal material without thickness, simulated
through its optical surface conductivity o [24], and using bound-
ary conditions. At room temperature, at the wavelengths consid-
ered, and at low optical powers, o ~ e2 /4h = 60.8 uS, where
e is the electron charge and A is the reduced Planck constant.
This is valid for graphene at low doping levels, such that the
absolute value of the chemical potential (|x|) is small compared
to half the photon energy of the optical field (hc/21). Unless
otherwise specified, we consider undoped graphene (1 = 0).
The influence of y is analyzed in Section III-D. The mode solver
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uses o = (60.8 — ¢0.04) S, but the small imaginary part is
essentially irrelevant.

The modes of the D-fiber can be of (quasi) TE or TM character,
depending on the state of polarization of the input field in the
standard fiber. The TE (TM) mode has the electric (magnetic)
field mostly parallel to the graphene plane. Rigorously speaking,
the electric or magnetic fields of these modes are not purely
transverse to the propagation axis z, and in this respect are
classified as quasi-TE or quasi-TM.

The strength of the light-graphene interaction is determined
by the absorption coefficient ¢, and the absorbed intensity by
graphene, I, (defined below). This last is of key relevance for
nonlinear optical processes, such as saturable absorption. These
parameters depend on the particular optical mode excited by the
input field, and are obtained from the mode solver. Nevertheless,
itis useful to have analytical expressions to gain insights on how
they depend on the mode distribution.

A guided mode is represented by an electric field of the form
E(z,y)e#*~*/2 and identical forms for the magnetic field
and the current density with corresponding vectors H(z, y) and
J(x,y). Here « is the loss coefficient and /3, the propagation
constant, defines the effective index of the mode through 5 =
2mnege /. The Poynting vector is represented as S(z,y)e %,
with

S(z,y) =

The power carried by the mode attenuates as P(z) =
P(0)e~** where the launched mode power is given by inte-
grating the z-component of S(x,y) over the entire xy plane:

/ S.(z,y)dzdy.

In this work we assume that the loss coefficient o = a4 is
due only to the (ideal) conductivity of graphene. Other spurious
losses (cvgp) from graphene rugosity and impurities (as well as
losses not due to graphene) contribute to the total loss coeffi-
cient a = a4 + avgp. For simplicity, we do not consider these
extra losses in our analysis, but their inclusion is straightfor-
ward. If the only lossy material is graphene, then J(x,y) =
Js(x)0(y — yg), with the surface current Js(z) = oE|(z,y,),
where E|(z,yy) = 2E,(x,y,) + 2E.(x,y,) is the electric
field parallel to- and on- the plane of graphene. Only the electric
field components parallel to the graphene plane contribute to
absorption, and in the following we focus on these components.

In this surface conductivity model, the absorbed power
per unit area of a given mode is always given by
50'|E|(z,y4)|?e %, where ¢’ = Re{c}. Integrating over z
we obtain the absorbed power per unit length —dP/dz = «, P,
thus

%Re {E(z,y) x H*(2,9)} . (D

2

1
ag = 3P(0) /g o' |Ey(z,y,)| dz. (3)
It is interesting to derive «r, from the Poynting theorem and
the boundary conditions: The absorbed power in a segment of
graphene of length dz is given by the inward flux of S through
a closed surface tightly enclosing the graphene segment. This
flux is not zero since the normal component Sy, is discontinuous,
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on account for the discontinuity of the magnetic field, AH| =
H(z,y,) —H(z,y,) = § x Js(x), as required by the bound-
ary condition for H; (H, and E are continuous). This gives
AS, = 5§ -Re{E| x AH}} = 30'|E||*. Thus, the flux per
unit length [, AS, (z)dz = 5 [ o'|E(z,y,)|*dz = —dP/dz,
and one arrives again to (3). This deduction shows that there
is a component of the Poynting vector normal to the graphene
plane, even if, in many cases, the mode in this region has some
characteristics of an evanescent field or of a grazing incidence
wave. It is Sy, and not S, that is relevant to quantify the
graphene-light interaction. One can think of AS, () as the sum
of the absorbed intensity of waves hitting graphene from both
sides, and we are interested in its average over the x dimension.

We define the (x-averaged) absorbed intensity, I,, as the
absorbed power (—dP) per unit area dA = wegrdz, where weg
is an effective graphene width:

1 dP o
I,(z2) = —— 20— %9 p(y), @)
a(?) Wept A2 Weff (=)
where
b \2
(f, 1By, ) P
Weff = &)

Sy By (2, yg)|*dz

These definitions are not unique, and other values for we
and I, could be adopted, as along as the product wegrl, = oy P.
Since we consider that the nonlinearity is exclusively due to
graphene, the effective width plays the role of the effective area
in nonlinear waveguide optics. For values of d and ¢ that do not
perturb severely the mode relative to that of the fiber, weg given
in (5) is approximately equal to the diameter of the fiber core.
Note that ar; does not depend on the coupling coefficients, but
1, does depend.

If we take as reference the incident power before the D-fiber
(FPp), then the power at the beginning of graphene (z = 0) can
be expressed as P(0) = CapCpc Py, where C4p is the power
coupling coefficient from the unpolished fiber (A) to the bare
polished fiber (B), and Cp¢ is the power coupling coefficient
from the bare polished fiber (B) to the GDF (C') (see Fig. 1).
The computed mode of the input standard single mode fiber is
the exact HE;; mode (but we don’t expect any relevant variation
if the LPy; mode is assumed). We computed these coefficients
from the overlap integral between the modes of adjacent sec-
tions, a procedure that is appropriate for abrupt transitions. The
transition BC'is indeed abrupt, but the transition AB may occur
gradually (or ‘adiabatically’) over a certain length, as illustrated
in Fig. 1, and in that case C4p will depend on the details of
the polishing procedure. An abrupt transition corresponds to
a worst-case scenario, underestimating the actual coupling. A
detailed account of how the coupling coefficients depend on d
and ¢ is presented in [25].

III. RESULTS

A. D-Fiber Design

We first analyze the strength of the graphene-light interaction
as a function of the gap distance. Fig. 2 shows a, and I,
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Fig. 2. Graphene-light interaction as a function of the gap distance. Two
superstrate thickness are shown for each mode: (a) absorption coefficient; (b)
absorbed intensity (at z = 0 and for Py = 1 W).

038

= 0.6
=
-

BN 0.4

02

Fig.3. Normalized |E(x, y)|? for the TE mode, t = 0.8 um, and (a) d = 0,
(byd =1 pm.

(at z = 0) for each mode and two superstrate thicknesses. As
we expected, TE modes are more absorbed than the TM modes.
This is because in the TE case the interaction is through their
strongest component, F,., whereas in the TM case the interaction
comes through their comparatively weaker F/, component.

For positive gaps, both curves in Fig. 2(a) and (b) are linear
in semi-log scales, indicating that the interaction with graphene
decays exponentially with increasing gap. This reflects the es-
sentially evanescent nature of the modal fields in the cladding.
We illustrate this in Fig. 3 for the TE mode, where we show
|E (,y)|? for two gap distances (d = 0 and d = 1 ym) and a
fixed ¢ = 0.8 um.

Returning to Fig. 2, the interaction keeps increasing as the gap
is reduced, even in the negative gap range, up to certain point
(between d = —2 pum and d = —1 pm for the examples in this
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figure). Reducing the gap further (d < —2 pm), the intensity
decreases more abruptly (Fig. 2(b)), this is because the coupling
(that affects I, but not «y) becomes highly inefficient due to
the large mismatch between the modes of adjacent sections A
and B.

Next, we consider the variation of the superstrate thickness, t.
Fig. 4 shows a4 and I, for each mode and two gap distances. We
can see that from¢ = O up to ¢ = 1 pm, the TE and TM modes
have opposite trends, that is, the interaction with graphene for
increasing ¢ increases for the TE mode, but decreases for the
TM mode. In order to understand physically this difference,
we analyze first the behaviour of the TE mode, with the help
of Fig. 5. This Figure shows |E|(z,y)|? for the TE mode, for
a fixed gap d = —2 pum and two superstrate thicknesses. In the

JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 40, NO. 18, SEPTEMBER 15, 2022

case of the thinner superstrate (¢ = 0.4 pm), the mode is repelled
by the lowest refractive index (of air) above the thin superstrate,
and therefore concentrates away from the superstrate. In con-
trast, for the thicker superstrate (¢ = 0.8 pm), the modal field
concentrates near the superstrate, which is now thick enough to
accommodate a part of the mode.

For the TM mode, |E| (z,y)|? exhibits a completely different
behavior, being highly concentrated on the superstrate—air inter-
face. Therefore, as ¢ increases, the peak of this intensity moves
farther away from the graphene plane, effectively reducing the
graphene-light interaction.

As the superstrate thickness increases, high order modes
appear, depending on the gap distance. This is because, for large
enough d and ¢, the superstrate acts as a second core. In this
situation, there are two TE and two TM guided modes, where
the fundamental modes are mostly located in the superstrate (that
has the highest refractive index), and the second-order modes are
mostly located in the core.

InFig. 4 for d = 0, the second order TE and TM modes appear
at t = 0.88 pm and ¢ = 0.98 pm, respectively. Differently, in
the case of d = —2 pm, the waveguide only supports the fun-
damental guided modes. Multimode waveguides are more sen-
sitive to thermal fluctuations that may lead to erratic operation.
Additionally, for thick superstrates, ¢ > 1.2 m, the coupling to
the fundamental ‘superstrate’ modes becomes highly inefficient.
Hence, we propose the cutoff of the second order mode as a
criterium for setting the maximum value of ¢.

Optimizing a nonlinear optical device implies in maximizing
I,. This parameter includes the effects of minimizing wes,
and maximizing the coupling coefficients and the absorption
coefficient. One can see in Figs. 2 and 4 that the intensity I, is
maximized for d ~ 0 and ¢ ~ 1 pum, but if we limit ourselves to
single mode operation, then the maximum is obtained at cutoff
of ¢ = 0.88 um. Therefore, a device with ¢ = 0.8 pm provides
a margin for stable single mode operation and I, close to the
maximum possible value. In the following we shall refer to
this design (d = 0, t = 0.8 pm) as the ‘optimized’ device. In
experiments, the polymer is deposited by spin-coating, resulting
in a typical thickness of 300 nm [11]. In comparison, as shown
in Fig. 4, our optimized device will produce at least a tenfold
increase in the absorbed intensity. For the TE mode of the
optimized device, the ratio of the absorbed intensity to the mean
incident intensity (in the unpolished fiber) is 0.9%.

B. Number of Graphene Layers

We can extend the framework to model few-layers graphene,
in this case the conductivity is scaled by the number of layers (/V)
in the absence of interlayer interactions. For large N, the validity
of the boundary conditions approach employed in this work may
be questionable, since the continuity of E| (2, y) may not hold.
Nevertheless, the analysis is useful to provide insights on how the
multilayer device behaves. Ultimately, the analysis is rigorously
valid for a hypothetical 2D material having a conductivity No.
In Fig. 6 we show o, as a function of the number of graphene
layers (N =1 — 20 layers) ford =0,¢t = 0.4 ygm and ¢ = 0.8
pm (the GDF is single mode for any V).
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Fig. 6. Absorption coefficient as a function of the number of layers.

The absorption of both TM modes and the TE mode for ¢ =
0.4 pm continuously increases in this range, due to the increased
conductivity of the graphene plane. Differently, the absorption
of the TE mode for £ = 0.8 um increases only up to 5 layers,
and then decreases. This is because by further increasing the
conductivity (thus tending to a perfect conductor where o =
oo and |Ej(x,y,)| = 0) the mode moves away from graphene,
reducing the absorption. Therefore, adding more than 5 graphene
layers does not further improve the graphene-light interaction in
this case. Note that although the conductivity oy = No, ay is
not proportional to V.

C. Saturable Absorption

Consider now the application of this device as a saturable
absorber. We start by noting that since the local intensity depends
on z, the saturated conductivity is also a function of x. Solving
the modes in this case is a challenging problem, because the
mode depends on the conductivity and in turn the conductivity
depends on the mode. Because of the attenuation, there is also a
z-dependence on saturable conductivity that in principle breaks
down the translational invariance. Rigorously, the exponential
attenuation of the modes is no longer valid, and the waveguide
should be treated as a tapered one, further complicating the
simulations. We do not attempt to solve the exact propagation
equations, and we limit our analysis of the saturated response
of the GDF for z = 0, and assuming a constant, x-averaged
conductivity. This is equivalent to having a different 2D material
with a non-saturable conductivity, an approximation that is better
for weak saturation.

Saturable absorbers are often characterized by a saturation
parameter s = I /I, where I is the intensity and I is the satu-
ration intensity, such that for I = I, the absorption coefficient
drops to 1/2 of the linear case. For the case of normal incidence,
I is the incident intensity, but in our case, we demand a proper
definition, since not all the components of the Poynting vector
really interact with graphene. In our problem, we can introduce
a fictitious (equivalent normal incident) intensity ¢ such that
the absorbed intensity is I, = Leg100’ /nesr, Where g = 377 Q
is the impedance of free space. This relation is identical to the
normal incidence case when graphene is immersed in a medium
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TABLE I
PARAMETERS OF THE OPTIMIZED DEVICE

Parameter Value
TE ™
Effective index, neg 1.44625  1.44612
Group velocity (x108 m/s) 2.04117  2.04147
Chromatic Dispersion (ps/nm/km) 17 18
Insertion loss, 1 — (CaCgrc)? (dB) 2.2 1.6
Absorption coefficient, g (dB/cm) 54 0.1
Effective graphene width, weg (um) 8.5 7.5
Ig for Py = 1 kW (MW /cm?) 710 1.8

with refractive index nes, where the absorptance is I, /I =
4100 Nefe| 2nesr + Moo |72 & 090’ /Ner. Accordingly, we define
an effective interacting intensity as

/ B (2, y,)2da. ©)
g

Neff
2NoWef

I =

The saturation parameter s = I/, where I is the satu-
ration intensity measured at normal incidence, is now directly
comparable to those quoted in most works. From the device point
of view, it is helpful to relate the saturation parameter to the input
power Py. We thus write s = P/ Ps, where the saturation power

!
O 7)o Weff

Pg = —-—
nefrooCaBCrC

I. (N

Table I shows some parameters that are often used to char-
acterize optical devices. The values are given for the optimized
device (d = 0, t = 0.8 um) and monolayer undoped graphene
for . = 1550 nm.

The literature reports a wide range of values for I,. For the
lowest value of Iy = 0.5 MW/ cm? [26], and for the parame-
ters in Table I, we have that P, g = 0.7 W and Py v = 0.3
kW. Thus, for Py = 1 kW, the saturation parameters are stg =
1.4 x 10° and sty = 3.6, and both modes experience saturation.
On the other extreme, I, of order of 1 GW/ cm? has also been
reported [27]. In such case, Py g = 1.4 kW, P tv = 0.6 MW,
thus stg = 0.7 and sty =~ 0, and the saturation is negligible for
the TM mode. The input power chosen in this example, Py = 1
kW, is of the order of the intracavity peak power in typical soliton
fiber lasers.

We solve the modes of the saturated GDF by assuming a uni-
form conductivity of the form o (s) = No /(1 + s). A similar
expression, agy = /(1 + s), is commonly used to estimate
the steady state saturated value of the absorption coefficient, but
as we show below, this is not valid for multilayer graphene in
waveguides.

Fig. 7(a) shows the absorption coefficient for the TE mode as a
function of s. Except for the monolayer case, the curves of o4 as
a function of s initially depart from the (1 + s)~! dependence.
To better evidence this departure, we have included in Fig. 7 the
cases of N = 10,and N = 20, where for moderate saturation
(s &= 1), ay increases with s, exhibiting a behavior that is typical
of areverse saturable absorber. We can understand this effect by
noting that, in the linear case (s ~ 0), the TE mode is repelled
by the large conductivity (No) of the graphene plane, but, as
the conductivity is reduced by the saturation effect, the mode
is now allowed to move towards the superstrate, thus increasing
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the overlap between graphene and the mode, resulting in a larger
absorption coefficient.

D. Chemical Potential and Scattering Rate

The graphene conductivity is given by [24]

ie? /OOE <af(E) - 6f(E)) .
0

ag =

- Th2Q OF oE
ie’Q [* f(=E) - f(E)
Th? Jo, Q2 —4(E/h)? dE, ®)

where 2 = 2mc/A 4 02T, T is the scattering rate, & is the re-
duced Planck constant, ¢ is the speed of light, and e is the
electronic charge. f(E) = [exp|[(E — u)/(kgT)] + 1] ! is the
Fermi-Dirac distribution function, where kp is the Boltzmann
constant, . the chemical potential, and 7" the absolute tempera-
ture. The first (second) term on the right-hand side of (8) is due
to intraband (interband) transitions.

Fig. 8 shows « as a function of the chemical potential (1) for
two superstrate thickness, using scattering rates of Al' = 3 meV
and 2I" = 6 meV, which correspondtoT = 110fsand 7 = 55 fs,
respectively, by means of the relation 7 = h/(2T"). For || > 0.6
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eV, the interband conductivity is zero, and the absorption is due
to intraband transitions.

The chemical potential can be controlled by applying an
external electric field, as in the case of optical modulators or
switches (we do not consider these devices, as they require an
additional electrode that modifies the modes). Another cause
for the variation of || is unintentional doping, which is very
common in graphene samples obtained by exfoliation (jexs) or
by chemical vapor deposited (pucyp) and transferred to glass
substrates. Refs. [28] and [29] report measurements of the unin-
tentional doping of graphene on a SiO9 substrate for exfoliated
and CVD graphene, respectively, and for a variety of different
sample qualities. Considering mean values of the doping concen-
trations: po ext = 9 X 102 cm™2 and po.cvp = 4 x 1012 cm ™2
[30], we obtain |pex| = 0.38 eV, |ucyp| = 0.25eV at T = 300
K. We see that for the unintentional doping of CVD graphene,
the results are virtually the same as those for no doping. For
exfoliated graphene, on the other hand, |pex| is close to one
half of the photon energy (0.4 eV), where the absorption varies
considerably. In practice, however, for a GDF device, one is
more likely to use CVD graphene, because of the large area
needed.

IV. CONCLUSION

In conclusion, when graphene is deposited on top of a wave-
guide, its interaction with light can be widely adjusted through
the waveguide design. We have studied how the GDF with a
superstrate (n = 1.490) depends on the geometrical parameters
(d and t), graphene intrinsic parameters (chemical potential and
scattering rate), number of layers, and input power. For all the
space of variation of these parameters we find that the TE mode
is more absorbed than the TM mode. The nonlinear optical
absorption can be thoroughly characterized by the absorbed
intensity, which takes into account the spatial overlap of the
mode with graphene, polarization and the power coupling from
the input standard fiber to the GDF.

We propose parameters that facilitate the analysis and char-
acterization of the GDF as saturable absorber: an effective
graphene width (wefr), an average absorbed intensity I, (4),
and an effective intensity we, (6), equivalent to the intensity of
anormal incident wave producing the same I,. These parameters
should be useful for the analysis of other nonlinear effects and
other waveguide profiles incorporating graphene or other 2D
nonlinear absorbers.

Our calculations show that a near-zero gap distance between
the fiber core and graphene is advantageous, since it provides
a strong graphene-light interaction without introducing a sub-
stantial coupling loss. Additionally, a superstrate layer with
a refractive index slightly higher than that of the fiber core
greatly improves the graphene-light interaction for the TE mode.
Increasing the superstrate thickness produces a larger overlap
of the TE mode with graphene that overcomes the somewhat
larger coupling loss in comparison with the TM mode. However,
this improvement is limited by the appearance of the second
order mode for a thickness whose precise value depends on the
superstrate refractive index. We find that, for a superstrate with
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n = 1.49 (typical of polymers such as PMMA) with thickness of
0.7 — 0.8 pm, the GDF is single mode with a strong interaction.
Thus, a device with d = 0 and ¢ = 0.8 pm is an optimum single
mode saturable absorber device at A = 1550 nm. This device can
be fabricated using the standard fabrication methods of polished
fibers and spin coating of the superstrate. Usually the thickness
of the PMMA superstrate is 300 nm [11]. Nevertheless, the
optimum thickness is easy to be fabricated. This GDF device
operates at & > 1450 nm. At shorter wavelengths, the superstrate
thickness needs to be reduced in order to maintain single mode
operation.

For Py =1 kW input peak power (which is typical of in-
tracavity soliton fiber lasers), we find that the TE mode of the
optimized device reaches a saturation parameter of s > 1 for any
value of I, < 730 MW /ecm?. This optimized device also works
as an excellent in-line polarizer.

We have shown that the graphene-light interaction is max-
imized for 5 layers. Furthermore, we predict that, by fur-
ther increasing the number of layers, the GDF acts as a re-
verse saturable absorber. We explained this peculiar behav-
ior as a result of the antagonism between the repulsion of
the TE mode by the large conductivity and the attraction
of the mode by the superstrate. When the effective intensity
increases, saturation reduces the conductivity and the mode
is more attracted to the superstrate, and thus increasing the
absorption.

The same approach can be used for other waveguides and
other materials. In particular, for superstrate materials with a
higher refractive index, such as SU-8, the optimized single mode
device uses a thinner superstrate layer. We believe that this study
may help in designing optimized 2D-based waveguide devices
such as polarizers, saturable absorbers, modulators, detectors,
and sensors.
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