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We propose an electrically tunable temporal imaging system (TIS) based on four-wave mixing in a dispersion engineered graphene-based
waveguide, which could realize a magnification factor of 1000x for a signal consisting of two 100-fs-wide pulses separated by 500 fs and a large
working bandwidth of about 700 nm. The TIS was analyzed by solving the couple-mode equations in detail. It was demonstrated that the working
wavelength range could be tuned via a small disturbed bias voltage applied to the graphene layer without changing the geometric structure of the
waveguide. These results provide attractive insights for potential applications in integrated optics and optical communications.

© 2019 The Japan Society of Applied Physics

n recent years, temporal imaging based on the concept of

space—time duality has attracted increasing attention for

various applications,'™ such as time magnification,™
timing jitter reduction,” ultrafast optical signal measurements”
and bandwidth manipulation of quantum light® A temporal
imaging system (TIS) consists of three parts including an input
dispersion module, a time lens and an output dispersion
module.”'" The time lens plays an important role in the
TIS, which is equivalent to a spatial lens imparting a quadratic
phase to the input optical waveform.> The most straightfor-
ward way to realize a time lens is based on an electro-optical
phase modulator (EOPM) driven by a sinusoidal radio fre-
quency signal.'”>"'* However, this method is limited by the
modulation bandwidth and the maximum phase shift of the
EOPM, which is not capable of imparting a larger quadratic
phase to the input signal.'> In comparison to an EOPM, using
nonlinear parametric processes such as sum-frequency or
differential-frequency generation, cross-phase modulation and
four-wave mixing (FWM), is a promising route to breaking
these limitations by providing a platform for all-optical phase
modulation.'®'” Specifically, the approach exploiting FWM is
applicable to most materials and is suitable for fundamental
CMOS compatible platforms, such as silica glass, silicon or
silicon nitride,” which exhibits attractive potential for creating
a chip-TIS. Moreover, silicon-based waveguides are popular
nonlinear media for FWM, which exploits the large Kerr
parameter, tight confinement of the optical mode, and instanta-
neous response time for high-speed operation.'® These ad-
vantages could facilitate the development of signal-processing
systems to photonics networks, for design flexibility and the
mature fabrication technology. One drawback to traditional

properties of devices combining silicon-based materials with
graphene could be changed by applying extra bias voltage to
the graphene layer,>"*? exhibiting pivotal potential to develop
a nonlinear parametric system with high conversion efficiency
under low pump.

In this paper, a dispersion engineered graphene-based
waveguide is proposed to realize an electrically tunable
TIS. A wide bandwidth of about 700 nm in the near infrared
region and a large magnification factor of 1000 x for fs pulses
were achieved. Moreover, the tunability of the effective
working wavelength range was demonstrated via extra bias
voltage loading to the graphene layer. This electrically
tunable chip-TIS exhibits significant potential for all-optical
communication.

Silicon-on-insulator (SOI) waveguides are widely used in
devices for their design flexibility, which can take the form of
channel waveguides, ridge waveguides, photonic crystal
waveguides, or slot waveguides. Moreover, mature CMOS
technology applied to SOI waveguides makes them an
attractive platform for photonic integration.” In recent years,
combining SOI with graphene has attracted increasing
attention in the device field, which could make full use of
their unique advantages.”>® Specifically, the optical con-
ductivity o of graphene could be controlled through adjusting
bias voltage or chemical doping,**~" which has a significant
influence on the properties of graphene-related waveguides
and raises the possibility of developing multifunctional
devices. Loading bias voltage to the graphene layer is the
most convenient way to obtain an acceptable value, which

can be calculated using the Kubo formula:***%

silicon-based waveguides is that the properties are determined oW, pe I, T) = Gintra + Ginter

as the geometric structure is fixed. Thus, graphene, a two- —ie? < (0f)(e)

dimepsional substance of <.:a.1rbon, entergd researchers’ sights = h2(w + i21) fo € Oe

for its CMOS compatibility and unique optoelectronics - ]

properties,'>*” which provide the possibility of designing _8fd(—5))d€] _ le(w + i21)

devices with tunable properties at a fixed structure. Oe mh?

Moreover, graphene exhibits large nonlinear refractive index 00 )

~7 2yl . . . . Ja(=¢e) — f3(e)

(107"cm”W™ "), and is an attractive candidate material for x 0 (w+ i2D) — 4(z/h)? de

nonlinear photonic devices, which could be used for creating

novel devices with high nonlinear coefficient and low loss. The M
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Fig. 1. (Color online) (a) Three-dimensional structure of a graphene-
covered silicon nitride waveguide.
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where w is the angular frequency of the plasmon, e and Kg
are the electron charge and the Boltzmann constant respec-
tively, T is the temperature, / is the reduced Planck constant,
e is the chemical potential, 7 is the electron momentum
relaxation time, and I' is a phenomenological scattering rate.
For the electric field, the chemical potential y. can be defined

as
|;U/c| = hVF\[’n—ln(Vg - VDiraC)l (4)

where 7~ 9 x 10" m-tv2 Vbirac Tepresents the voltage
offset of Dirac fermions in graphene, and the expression
|Ve — Vbirac| can be considered the biased voltage Vipjaseds
where Vy is the extra voltage which is applied to the graphene
layer in practice. The optical conductivity of graphene could
be modified dynamically by chemical potential, equivalent to
biased voltage as presented in Eq. (4), which could contribute
to the variation of the effective refractive index of a
graphene-related waveguide relating to the optimization of
light confinement, nonlinearity coefficient and second-order
dispersion of the waveguide.>**> Based on this theory, we
have proposed a novel graphene-covered silicon nitride
waveguide, as shown in Fig. 1.

Silicon nitride is chosen as the core material of the
waveguide for its high nonlinear refractive index of
=26 x 107"m?>W! and its negligible two photon
absorption and associated free carrier effects in the near
infrared region. Compared with a conventional silicon
waveguide, it could promote the conversion efficiency and
avoid the distortion of pulses investigated in it.*® The core
material is surrounded by two graphene layers and the
additional bias voltage is applied to the graphene. The two
graphene layers remain monolayer and present the same
width and thickness, which are w =4 pm and & = 0.34 nm,
respectively. The waveguide is encased in silica, which is the
cladding material. As is well known, second-order dispersion
plays an important role in the FWM process, which is directly
related to the phase-matching among the interacting waves.>”
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Fig. 2. (Color online) Second-order dispersion characteristics with dif-

ferent dimensions of the core material of a graphene-based waveguide under
different bias voltages.
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Fig. 3. (Color online) The dispersion characteristics of the waveguide
under different gaps between the graphene and the silicon nitride.

An efficient FWM process only occurs after the phase-
matching condition is realized, which determines the efficient
working wavelength and working bandwidth. Therefore, the
second-order dispersion must be carefully designed by
controlling the structural shape. The dispersion characteristics
with different dimensions of the core material of the
graphene-covered silicon nitride waveguide under different
chemical potentials (equivalent to bias voltages) are analyzed
by the finite-element method, which is depicted in Fig. 2.
According to the results of numerical simulation, we can see
the variation of dispersion curves and zero dispersion
wavelengths (ZDWs). The bandwidth between two ZDWs
means the potential working wavelength, which could realize
phase-matching. On the other hand, the waveguide with flat
dispersion is convenient for achieving an efficient nonlinear
process with low pump power. Taking these into considera-
tion, the optimal width and height of the core material are
set as Weore = 1.3 pm and heye =0.8 pm, respectively.
Moreover, we have explored the influence of different gaps
between the graphene and the silicon nitride on second-order
dispersion, which is shown in Fig. 3. There are two graphene
layers, to which are applied a common bias voltage. It is a
fact that the two layers work independently. The gap between
the graphene layer and the core material has an important
impact on the performance of a graphene-related waveguide.
Finally, the gap distance between the graphene and the
silicon nitride is determined to be 100 nm after considering
bandwidth, dispersion characteristics and practical feasibility
factors. All of the size or gap distance values are optimized
by numerical simulation using the finite-element method. The
TM mode at 1550 nm of the graphene-based waveguide is

© 2019 The Japan Society of Applied Physics
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shown in Fig. 4(a) and the second-order dispersion of the
waveguide under different bias voltages is shown in
Fig. 4(b). It is found that most of the light is confined in
the core region and the second-order dispersion curve is flat
with an amplitude close to zero, which means that it is easy to
realize phase-matching in the waveguide in a nonlinear
parametric process with low threshold. Furthermore, the
ZDW varies with different bias voltages, giving promising
potential for tuning the working wavelength range. As is
shown in Fig. 5, the ZDW is changed by more than 50 nm
under small disturbed bias voltage. Moreover, the bandwidth
between two ZDWs exceeds 700 nm as shown in Fig. 4(b)
and, according to the rules of FWM, the phase-matching
could be realized in the wavelength range. This could be
regarded as a potential working bandwidth of about 700 nm,
which means that FWM could be effectively realized when
signal and pump are located inside the wavelength range.
Such devices with large bandwidth have been a hot research
topic and have attracted much attention in recent years for
applications in the optics communication field. As with
second-order dispersion, the nonlinearity coefficient asso-
ciated with the effective mode area also has significant effects
on the nonlinear parametric processes. Nonlinearity coeffi-
cient 7y and effective mode area A.g are crucial parameters of

waveguides, which are calculated by the following
equations™®
27n
== (5)
)‘Aeff
00 2
TN
A = (6)

eff = =
[ 1P rtdxay

where 1, is nonlinear refractive index, F(x, y) is the profile of
the field and A is the wavelength. The relationship between
nonlinearity coefficient, effective mode area and wavelength
is presented in Fig. 6.

FWM has attracted tremendous research interest in optical
parametric amplification, wavelength conversion, and optical
parametric oscillation due to its practicability for CMOS
compatible platforms in the field of integrated optics. Here,
we focus on the degenerate FWM, which involves two pump
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(Color online) (a) TM mode at 1550 nm for the graphene-based waveguide. (b) Second-order dispersion for different bias voltages.
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Fig. 5. (Color online) (a) ZDWs for different bias voltages. (b) Bandwidth

for different bias voltages.

photons at angular frequency @, passing their energy to a
signal wave at angular frequency ws and an idler wave at
angular frequency w;, as the relation 2w, = w, + w; holds.
Phase-matching among the interacting waves is required in
the FWM process, and the phase-mismatch is defined as

Ak = AB + 2yp,

where A3 = kg + ki — 2k, is the linear part of the phase-
mismatch, and k,,, ks, and k; represent the propagation constants
of the pump, signal, and idler waves, respectively. The second
term is the nonlinear part, where 7, is the effective nonlinearity
of the waveguide, and p, is the pump power. Efficient FWM
occurs when the phase-matching condition satisfies the relation
AK =0. Since the nonlinear part (2v,p,) is positive, the pump
pulse should be located in the anomalous dispersion region to
achieve phase-matching.*”

Based on this principle and the proposed graphene-related
waveguide with tunable dispersion, an electrically tunable
TIS is investigated and the FWM process is analyzed using
coupled wave equations.’® A schematic of the TIS is
presented in Fig. 7, which mainly consists of an input
dispersive medium, a time lens, a band-pass filter and an
output dispersive medium.

A quadratic phase r(?) is imparted to the signal, which
determines the focal length of the time lens

2

Di(t) = — (N

207
where @f is the focal group-delay dispersion (GDD) asso-

ciated with the lens and is equal to the inverse of the second
derivative of the phase. The dispersive elements before and

© 2019 The Japan Society of Applied Physics
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(Color online) The relationship between nonlinearity coefficient, effective mode area and wavelength.

Fig. 7.
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Fig. 8. (a) Temporal waveform of the input signal. (b) Temporal waveform
of the input signal through the dispersive element. (b) Temporal waveform of
the pump. (d) Temporal waveform of the pump through the dispersive
element.

after the lens are characterized by their GDD parameters &}
and &), which can be provided by single mode fiber or fiber
Bragg grating. The relationship, analogous to the one used

for a spatial lens, describing this imaging system is that
1 1 1
o "ol "o ®

In an analogy with spatial imaging, the output waveform will
have the same features as the input but scaled by a
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(Color online) A schematic of the TIS based on FWM in a graphene-related waveguide. DM: dispersion medium; BPF: band-pass filter; DCM:
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Fig.9. (Color online) (a) Temporal waveform of the input signal and pump

through the dispersive element. (b) Temporal waveform of the idler.
(c) Temporal waveform of the output signal.

magnification factor

@”
M=-=2

- )
9

The inverse relationship of the spectral and temporal magni-
fication is a consequence of the scaling property of the
Fourier transform.”

In this work, dispersive elements of the signal and pump
are provided by a dispersion module equivalent to 100 m and
200 m spools of standard fiber, respectively. The input signal

© 2019 The Japan Society of Applied Physics
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Fig. 10.

of the output signal under different bias voltages.

consisting of two 100-fs-wide pulses separated by 500 fs is
shown in Fig. 8(a) and the signal through the dispersive
element is shown in Fig. 8(b). The pump with 100-fs-wide
pulse is shown in Fig. 8(c) and the pump through the
dispersive element is shown in Fig. 8(d).

The signal at 1520nm through the dispersion module
depicted by the blue curve and the pump at 1555 nm through
the dispersion module depicted by the black curve are
combined into a coupler presented in Fig. 9(a). They are
then sent into a 1-mm-long graphene-related waveguide with
a cross-sectional size of 4 x 4 ym?”. The idler at 1590 nm is
generated via the FWM process, which is picked out by a
band-pass filter and shown in Fig. 9(b). The output signal is
obtained after the idler has propagated through a dispersion
compensation module equivalent to 100 km of dispersion
compensation single mode fiber spools, and is presented in
Fig. 9(b). Comparing the input signal shown in Fig. 8(a) with
the output signal shown in Fig. 9(c), a magnification factor of
1000x for a signal consisting of two 100-fs-wide pulses
separated by 500 fs is demonstrated. To the best of our
knowledge, this is the first time 1000x magnification has
been realized in a TIS. Moreover, based on the parameters of
the proposed graphene-covered silicon nitride waveguide and
the regular loss rule under different Fermi levels,***” we
have developed an electrically tunable TIS and determined
the variation regularity of temporal amplification to the
ultrafast pulse and the impact of mode field by adjusting
the Fermi level of the graphene, as shown Fig. 10. As we can
see from Figs. 10(a)-10(d), the mode field exhibits slight
change. However, the temporal waveform of the output
signal presents obvious differences under different Fermi
levels of the graphene. As mentioned previously in this
manuscript, the shift in bias voltage (Fermi level) changes the
dispersion of the waveguide, which has a significant influ-
ence on conversion efficiency and the shape of pulses. It
contributes to the tunability of the TIS. These results could
promote the signal bandwidth from GHz to THz and give rise
to practical applications in ultrafast optical signal processing.

In this work, a novel graphene-related waveguide model is
proposed and the performance of different dimensions of
silicon nitride on second-order dispersion characteristics
under different bias voltages are investigated in detail.
Furthermore, an electrically tunable TIS is realized based
on the waveguide, which could work in a large wavelength
range of about 700 nm in the near infrared region and present
1000x magnification of two 100 fs pulses separated by
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(Color online) (a)-(d) TM mode at 1550 nm for the waveguide under 0.75 eV, 0.85 eV, 0.95 eV, and 1.05 eV, respectively. (e) Temporal waveform

500 fs. It allows for measuring signals with THz bandwidth
using a detector with GHz bandwidth. These results provide
significant reference for further research into temporal
processing, with attractive potential for use in high-speed
optical signal processing, integrated optics and ultrafast
optics.
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