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Abstract— The nonlinear optical response of four-wave mixing (FWM) in a graphene layer
covered on a tapered fiber is numerically investigated. The required graphene length is optimized
to realize the maximum conversion efficiency, which is both affected by the incident power and
propagation loss. Analysis shows that the graphene length is very short due to the heavy ab-
sorption in graphene, and the structure exhibits ultrabroad bandwidth. A conversion bandwidth
of more than 300nm is achieved with a conversion efficiency of more than —30dB in a wide
wavelength range of 0.8-1.8 pm.

1. INTRODUCTION

Nonlinear optical materials are always expected to be of smaller size and higher nonlinear coeffi-
cient. Graphene, which is of a single atomic layer thickness and whose nonlinear coefficient is five
orders higher than silicon [1], has the potential to be an ideal ultra-compact nonlinear material.
Resent experiments have observed higher harmonics generation [2], nonlinear self-focusing [3], and
four-wave mixing (FWM) [4, 5] phenomena in graphene. Since graphene is a very thin film, it is
reasonable to be composed with other materials or devices, such as tapered fibers, to extend the
interaction length with the optical field. When a graphene layer is covered on a tapered fiber, a
large portion of light propagates outside the fiber via evanescent field if the core radius is small
enough. Such a structure is expected to extend the interaction distance and enhance the nonlinear
effect. Gorbach et al has tried to analyze the nonlinear property and loss in a graphene-clad tapered
fiber [6], but the four-wave mixing response in such a structure is not studied yet. In this paper,
we theoretically analyze the FWM effect in a graphene layer covered on a tapered fiber, whose
structure is shown in Fig. 1. The structure length is optimized to obtain maximum conversion effi-
ciency at different wavelengths. The bandwidth property is analyzed at a fixed waveguide length.
At last, the nonlinear response of the graphene layer on a tapered fiber is compared to that of a
pure tapered fiber.

Figure 1: Schematic description of a graphene layer covered on a tapered fiber.

2. THEORETICAL ANALYSIS

When a pump wp and a signal wg are injected into a graphene layer covered on a tapered fiber,
the total field is expressed as

1 .
E= B Z Ejexp[i(Bjz —wjt)] +c-c. (1)
j=P,S,T

For the FWM process to generate the idler w; (w; = 2wp — wg), the nonlinear response is

D(wr) = epe E(wr) + eox® E(wp) E* (wp) E(ws) (2)
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where ¢ is the relative permittivity and x() is the third-order susceptibility tensor, which corre-
sponds to graphene or silica for different locations on the transverse cross section. For the graphene
layer, the relative permittivity ¢ (= ¢4) can be obtained from its dynamical conductivity using Kubo
formula oy = Ginter + Tintra [7], where the interband and intraband contributions are
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where p is chemical potential and 7 is the relaxation time. Supposing that the thickness of graphene
layer is A, one can obtain the relative permittivity:
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According to the permittivity distribution of the composited structure, one can get the mode
field distribution and the effective refractive index denoted as neg = n(1 —iK). The linear phase
mismatch can be got from the real part of the effective refractive, which is A = 2n(ng/As +
nr/Ar — 2np/Ap) for the FWM process wr = 2wp — wg. And the imaginary part represents the
linear absorption of the structure. Considering the saturation absorption property and two-photon
absorption (TPA) [8,9] of graphene, the total propagation loss can be obtained as a = /(1 +
I/1s) + Brpal, where I is the incident intensity, Is is the saturation irradiance, oy = 2w(nK/c)
represents the linear loss, and B7py4 is the TPA coefficient.

Substituting Eq. (2) to Maxwell’s curl equations for the electric and the magnetic fields, one
can get the coupled wave equations for degenerate FWM:
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In the graphene covered on a tapered fiber, the nonlinearities of graphene and silica are quite
different. As a result, nonlinear parameters vp g ; should identify the local field corresponding to
what kind of materials, which can be obtained by using a common expression [10]:
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where EF and H* are the distribution of the electric field and the conjugate of magnetic field, and é,
is the unit vector along the propagation direction. In Eq. (9), x®)(z, %) represents the third-order
susceptibility of graphene or silica due to the material that the micro area corresponds to.

To evaluate the FWM response in the graphene on a tapered fiber, the conversion efficiency can
be defined as the ratio of the generated idler power with respect to the incident signal power:

n=|Ar(L)* /|4s(0)* (10)

By numerically solving Eqgs. (6)—(8), the output idler A;(L) and hence the conversion efficiency
can be obtained.
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3. SIMULATION AND ANALYSIS

By setting 4 = 0.02eV and 7 = 5 x 107135 for graphene, and adopting the diameter of the
tapered fiber as 0.7 um, the nonlinear parameter of the composite structure is calculated from the
electric field distribution along with the linear absorption and the total loss involving both linear
and TPA losses, as shown in Fig. 2(a). One can find that graphene greatly enhances the nonlinear
parameter, but meanwhile a large loss is brought. In particular, the wavelengths for higher nonlinear
parameters also suffer from higher losses because more electric field is restricted in the graphene
layer. Fig. 2(b) shows the conversion efficiency as a function of graphene length using a pump whose
pulse peak power is 10 W, pulse width is 100 ps, and wavelength is set to be 1.3, 1.5, or 1.7 um
(signal wavelength is approximately equal to the pump wavelength), respectively. From Fig. 2(b),
one can find that different graphene lengths are needed to reach their maximum conversion efficiency
for different pump wavelengths. The required graphene length and the corresponding maximum
conversion efficiency are plotted in Fig. 2(c). Although the required graphene lengths are different
for various wavelengths, they are all as short as few ten micrometers. The maximum conversion
efficiency reaches —23.5dB when the pump wavelength is 1 um. A short wavelength needs a short
length to reach the maximum efficiency due to its high nonlinear parameter and heavy loss, and
the peak efficiency is higher than that of longer wavelength.
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Figure 2: (a) Nonlinear parameter, linear absorption, and total absorption. (b) Conversion efficiency along
the graphene length. (c) Optimized graphene length and the corresponding maximum conversion efficiency.

Since the required graphene layer is quite short, it is expected to have ultrabroad conversion
bandwidth. Assuming the graphene length is 30 um, Figs. 3(a) and 3(b) show the nonlinear phase
shift KL, where L is the graphene length and k = (AS + 2vPp) is the total phase mismatch, and
the corresponding conversion efficiency as the signal wavelength varies, pumped by 0.8-, 1.3-, and
1.8-um lights, respectively. The signal and converted idler wavelengths are set to be within 2.4 um
because the structure no longer constrains longer wavelength to form guide mode. As nonlinear
parameter is rapidly enhanced as the wavelength shortens, which means a high efficiency for the
conversion from long-wavelength signal to short-wavelength idler, the maximum conversion effi-
ciency emerges at signal wavelength longer than pump wavelength. Fig. 3(c) shows the bandwidth
and maximum efficiency at different pump wavelengths. It turns out that owing to graphene, the
waveguide has an ultrabroad bandwidth about from 315 to 720 nm with maximum conversion ef-
ficiency about from —23.7 to —27.8dB as the pump wavelength varies from 0.8 to 1.8 um. The
bandwidth is related to the dispersion of the structure, as shown in Fig. 3(d). The zero dispersion

wavelength (ZDW) emerges in 0.89 um, which corresponds the broadest bandwidth of 720 nm in
Fig. 3(c).
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Figure 3: (a) Nonlinear phase shift and (b) conversion efficiency as the signal wavelength varies. (c) Band-
width and the maximum conversion efficiency at different pump wavelengths. (d) Dispersion value of the
structure as the wavelength varies.
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For comparison, we also simulate the nonlinear optical response in a pure tapered fiber. The
obtained nonlinear coefficient of the pure tapered fiber with the same dimensions is shown in
Fig. 4(a), which is three orders smaller than graphene cover one. In order to reach the same
conversion efficiency as grapheme layer on the tapered fiber (—24.6 dB with a 1.5-um pump), the
pure tapered fiber length is set to be 10 cm. Figs. 4(b) and 4(c) show the nonlinear phase shift and
the corresponding conversion efficiency for the pure tapered fiber pumped by a 1.5-um light, whose
pulse peak power is also 10 W and pulse width is 100 ps. The FWM bandwidth of the pure tapered
fiber is calculated to be only 8.6 nm, which is much narrower than the graphene layer covered one
since it needs to propagate much longer distance to attain the same conversion efficiency.
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Figure 4: (a) Nonlinear parameter of pure tapered fiber. (b) Nonlinear phase shift and (c¢) conversion
efficiency as the signal wavelength varies in the pure tapered fiber.

4. CONCLUTIONS

FWM are theoretically analyzed in a graphene layer covered on a tapered fiber considering the
nonlinear parameter for composite structures. The graphene length is optimized to obtain maximum
conversion efficiency at different pump wavelengths. Due to the ultrashort grahene length, such a
composite structure shows the performance of ultrabroad bandwidth. A conversion bandwidth of
more than 300 nm is achieved with a conversion efficiency of more than —30 dB in a wide wavelength
range of 0.8-1.8 um. By comparing with the pure tapered fiber without graphene, the composite
structure shows much broader bandwidth to get the same conversion efficiency since much shorter
interaction length is used.
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