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Tunable gallium nitride-based devices for ultrafast signal processing
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In this paper, we propose a micro-ring resonator model based on gallium nitride (GaN)
and graphene, which exhibits tunable properties of nonlinearity. It provides a great
bandwidth covering from visible to telecommunication band. Especially, based on the
characteristic of GaN, it has unique advantages in shorter wavelength, which is used for
demonstrating the ultrafast signal processing including wavelength conversion, temporal
amplification and pulse compression. Moreover, the tunable signal processing is achieved
via the method of applying additional bias voltage to graphene without changing the
geometric dimension of the device. These results have significant potential applications
of nonlinear optics and optical communications.
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1. Introduction

In the past decade, nanoscale devices open the door of nonlinear and quantum
optics, which attract increasing attention. Silicon photonics is considerably
popular for the natural extension of integrated electronic circuits.'3 Despite sili-
con photonics exhibits many excellent performances, its utility in broadband ap-
plications is limited for its 1.1 eV band gap.* A platform with wider bandwidth
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is extremely meaningful to linear and nonlinear optics research, particularly at
shorter wavelengths, such as ultraviolet and visible regions. Therefore, III-V ni-
trides are regarded as key materials to optics field for the unique property in the
visible-ultraviolet wavelength range. Meanwhile, GaN enters into the vision of re-
searchers and is recognized as one of the most important semiconductor materials
after silicon.® 8 It exhibits wide band gap and allows nonlinear optics across a large
bandwidth (from visible to telecommunication wavelengths) in a CMOS-compatible
platform.? 11 What is more, it has high power handling capabilities and low propa-
gation loss. Additionally, GaN can be grown on sapphire substrates allowing for low
microwave loss compared with silicon-based integrated photonics and the fabrica-
tion technology is very mature.!?!3 Especially, for the nonlinear Kerr coefficient of
GaN is 7.3 x 107 em? W', it means a good nonlinearity potential, which make
GaN more attractive for nonlinear photonics field. Thus, the GaN is considered to
develop device for applications of data transmission and communication.'*1% On the
other hand, graphene is a two-dimensional substance of carbon with high electron
migration speed,'®1® has attracted great attention for its complementary metal-
oxide semiconductor compatibility.X* 21 A monolayer of graphene possesses a much
stronger inter-band optical transition, which is widely used in optoelectronic devices
such as optical modulators,2?23
graphene exhibits large nonlinear refractive index (107 ¢cm? W~1), which makes
it as an attractive material candidate for photonic devices. Thus, combining GaN
and graphene is a new way to develop novel devices, which will make full use of
two materials. For previous devices, the performance is always determined after the

photodetectors?* and transistors.2%:26 Moreover,

structure being fixed. This fact limits the value of devices in practical system, which
means that they just could be used for limited purposes. However, the devices with
tunable properties are pursued for their practical value in researchers’ mind, which
can be used for different conditions and meeting various requirements of system. It
will contribute to the flexibility and the practicability of system. Actually, graphene
provides a chance to tunable devices, for the properties of graphene can be adjusted
by additional bias voltage. Thus, graphene-covered devices open the door of tun-
able device field and break the limitation of conventional devices. In recent years,
increasingly researches about graphene-SOI waveguides have been reported,2!:22:27
which present these devices’ properties, such as optical field distribution, nonlinear
efficient, dispersion and so on, could be optimized by extra bias voltage even when
the geometric structure is fixed.2”

In this work, a novel micro-ring resonator based on GaN and graphene is pro-
posed. The tunability of dispersion and working wavelength range are demonstrated
by loading extra bias voltage and a wide bandwidth covering from 380 nm to
1620 nm is realized. Furthermore, we achieve the ultrafast signal processing based
on the device including wavelength conversion, temporal amplification and pulse
compression, which exhibits significance in data transmission and communication.
It will be helpful to build a communication system with a high speed and strongly
stability.
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2. The Micro-Ring Resonator Model Based on Graphene-GaN

As is well known, nanoscale devices are developed with a high speed for the design
flexibility. The mature CMOS technology makes it attractive for many applications,
such as photonic integration, detector, modulator, and sensor. In this work, we sup-
pose to create a GaN-based device for ultrafast signal processing. As is mentioned
in Introduction, GaN and graphene exhibit unique optical-electrical characteristic.
Therefore, we have simulated the GaN-based waveguide with graphene layer for the
optical mode by finite element method. The result is presented in Fig. 1. As we can
see from the picture, the light power is strongly restricted in the core material.

Here, we propose a micro-ring resonator combining graphene and GaN shown in
Fig. 2, which can be used for nonlinear optics research in visible telecommunication
region. Figure 2(a) presents the 3D structure of the GaN-based device, a monolayer
graphene is covered on GaN ring and a bias voltage is applied to graphene layer.
The width and height of core material are set as weore = 0.8 pm and hgore = 0.6 pm,
respectively. In addition, the radius of the ring and the gap between ring with wave-
guide are set as R = 40 pym and L = 1.5 ym. Figure 2(b) presents the second-order
dispersion of the device, it keeps minus with the wavelength range from 380 nm to
1620 nm, which means it can reach phase-match in a great bandwidth. Figures 2(c)
and 2(d) present the status of off resonance or on resonance, respectively.

The optical conductivity of graphene can be controlled by additional measures,
such as extra bias voltage or chemical doping.2® 3% To apply bias voltage to graphene
layer is the most straightforward path to adjust it for graphene-related devices,
which could be calculated by the Kubo formula.?”2931 As is shown in Kubo for-
mula, chemical potential is equivalent to biased voltage, which is applied to value
simulation in this work. With the optical conductivity of graphene modified dynam-
ically, the effective index of the graphene-related waveguide will obtain a variation,
which will directly contribute to the optimization of parameters, such as nonlin-
ear efficient, light confinement, and dispersion.2” Especially, tunable second-order
dispersion will be obtained without changing the geometrical structure by loading
different bias voltages to graphene layer, which is shown in Fig. 3.

Fig. 1. (Color online) TM mode for the model combining GaN and graphene.
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Fig. 2. (Color online) (a) Three-dimensional structure. (b) The second-order dispersion of the
device. (c¢) The status of off resonance. (d) The status of on resonance.
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Fig. 3. (Color online) Second-order dispersion of the device under different bias voltages.

In nonlinear optics field, phase-mismatch is an extremely significant spot, which
directly relates to the success of the nonlinear parametric processes. Thus, the
tunable second-order dispersion plays an important role in nonlinear parametric
process, which determines the energy threshold of pump and the phase-match of
effective nonlinear effects.>?> According to the results of simulation of Fig. 3, it
provides a possibility to create a tunable system for signal processing.
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3. Ultrafast Signal Processing Based on the GaN-Based Device

Four-wave mixing (FWM) is an important nonlinear effect and attracts increasing
attention, which is widely used for applications in optical parametric amplifica-
tion and optical parametric oscillator. Here, we focus on ultrafast signal processing
based on the degenerate FWM. In this paper, we use this theory to realize wave-
length conversion, temporal magnification and pulse compression. The process can
be described by the following coupled wave equations:

DA, 024, 1. 0*Ap
0z ’52” oT2 6 % o1

= _50417‘417 + Z.'Yp|Ap|2Ap

+ i27p(|As\2 + [Ai)Ap +i27,A, A Ay exp(iABz), (1)
DA, 1/5 - 1/5 DA, 9A,
0z 2P are 8T2 3573 T %y

1
= _§QSAS + 7;75|As|2As

+z‘2v5(|A \2+|A-|2)A +ivs A AT exp(—iAfz), (2)
0A; A Ai 0A;
s +is 521 /331 diﬁ

_5041'141’ +iyi| Ail A
+i27(JAp)? + |As ) Ai + i AZAL exp(—iABz), (3)

where A; is the amplitude (j = p, s, 1), Z is the propagation distance, and «; is the
linear loss (j = p, s,4). The walk-off parameters for the signal and idler are defined
as ds = f1s — Bip and d; = B1; — Pip, respectively. 3, is the nth-order dispersion
coefficient, which is calculated via numerical differentiation from 3, = d"3/dw™.

Figure 4(a) shows the scheme of wavelength conversion based on degenerate
FWM in the GaN-based device. A 4 ps pulse of central wavelength at 5.5 pm is
considered as input signal and a 2 ps pulse of central wavelength at 1.55 um is
considered as input pump. Signal and pump enter into system and get through
polarization controller, respectively. Figures 4(b) and 4(c) presents the temporal
waveform of the input signal and input pump, respectively. Figures 4(e) and 4(f)
presents frequency spectrum of the input signal and input pump, respectively. Then
they are coupled into to GaN-based micro-ring resonator. The idler is selected out
by a bandpass filter after FWM effect. Figures 4(d) and 4(g) presents the temporal
waveform and frequency spectrum of idler. As we can see from the picture, an
output of central wavelength at 1.05 pum is obtained.

As mentioned in section of device design, tunable second-order dispersion will
make tunable system of wavelength conversion. Based on the tunable GaN-based
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Fig. 4. (Color online) (a) The scheme of wavelength conversion based on FWM in the GaN-based

device. (b) Temporal waveform of the input signal. (¢) Temporal waveform of the input pump.
(d) Temporal waveform of the output signal. (e) Frequency spectrum of input signal. (f) Frequency
spectrum of the input pump. (g) Frequency spectrum of the output signal.
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Fig. 5. (Color online) Frequency spectrum of the output under different bias voltages.
micro-ring resonator, the tunable output is achieved, which is shown in Fig. 5.
The wavelength range of output is shifted and the different wavelengths exhibit
different powers. It means that the tunable second-order dispersion changes the
location of phase-match in nonlinear parametric processes. These results have a
promising application in signal processing and information transmission.

Figure 6(a) shows the scheme of temporal processing including temporal mag-
nification and pulse compression. After entering into system, signal and pump
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Fig. 6. (Color online) (a) The scheme of temporal processing based on FWM in the GaN-based
device. (b) Temporal waveform of the input signal of pulse compression. (¢) Temporal waveform of
the pump of pulse compression. (d) Temporal waveform of the output signal of pulse compression.
(e) Temporal waveform of the input signal of temporal magnification. (f) Temporal waveform of
the pump of temporal magnification. (g) Temporal waveform of the output signal of temporal
magnification.

get through single mode fiber and polarization controller in order, then they are
coupled into the GaN-based micro-ring resonator. The idler also gets through single
mode fiber and is selected out by bandpass filter as output. Single mode fiber is
used for providing dispersion or dispersion compensation.

Figure 6(b) presents a signal of two 3 ps pulses separated by 20 ps. It gets
through a 1 km single mode fiber and polarization controller in order. Figure 6(c)
presents a pump of a 500 fs pulse. It also gets through a 2 km single mode fiber
and polarization controller in order. Then, the signal and the pump are combined
by coupler and enter into the micro-ring resonator. The idler gets through 50 m
single mode fiber and is selected by bandpass filter, which is shown in Fig. 6(d).
A compression factor of 20x is realized. What is more, Fig. 6(e) presents a signal
of three 200 fs pulses. It gets through a 100 m single mode fiber and polarization
controller in order. Figure 6(f) presents a pump of a 100 fs pulse. It also gets through
a 200 m single mode fiber and polarization controller in order. Then, the signal and
the pump are combined by coupler and enter into the micro-ring resonator. The idler
gets through 100 km single mode fiber and is selected by bandpass filter, which is
shown in Fig. 6(g). A magnification factor of 100x is realized. These results exhibit
extremely important research value for signal processing field.
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4. Conclusions

In this paper, a novel GaN-related micro-ring resonator covering with graphene is
proposed, which is able to work in a great bandwidth from the visible to telecommu-
nication band. Based on the method of loading the extra bias voltage, the tunability
of performance of the device is demonstrated. Meanwhile, the tunable wavelength
conversion is realized based on the device. Moreover, temporal magnification and
pulse compression of ultrafast signal are achieved. These results provide significant
reference for further research of signal processing, promoting an attractive potential
in data transmission and optical communication.
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