IEEE Photonics Journal

An IEEE Photonics Society Publication

30pen Access

Resonant Graphene-Based Tunable
Optical Delay Line

Volume 7, Number 6, December 2015

D. Conteduca
F. Dell'Olio

C. Ciminelli

M. N. Armenise

Upper SizN4 microring

DOI: 10.1109/JPHOT.2015.2496245
1943-0655 © 2015 |IEEE

: :I SOCIETY



IEEE Photonics Journal Graphene-Based Tunable Optical Delay Line

Resonant Graphene-Based Tunable
Optical Delay Line

D. Conteduca, F. Dell'Olio, C. Ciminelli, and M. N. Armenise

Optoelectronics Laboratory, Politecnico di Bari, 70125 Bari, Italy

DOI: 10.1109/JPHOT.2015.2496245
© 2015 IEEE. Translations and content mining are permitted for academic research only.
Personal use is also permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

Manuscript received September 24, 2015; revised October 20, 2015; accepted October 23, 2015. Date of
publication October 30, 2015; date of current version November 12, 2015. Corresponding author: C. Ciminelli
(e-mail: caterina.ciminelli@ poliba.it).

Abstract: The design of a new graphene-based continuously tunable optical delay line
formed by two vertically stacked microring resonators coupled to a straight waveguide is
proposed. High values of delay time (ry =360 ps) and a wide tuning range (Ary =
230 ps) have been calculated, due to the graphene sandwiched between the stacked
ring resonators, which also provides an electrooptical tuning of the delay with low energy
consumption (Eswich = 3.4 pJ) and fast switching time (fwieh < 2 ns). The ratio Ary/A
represents an important figure of merit (FOM) for optical delay lines. A value FOM =
1.4 x 107" ps/um? has been calculated, which corresponds to an enhancement of about
a factor 4 compared with the state-of-the-art of the integrated optical delay lines, also
providing a switching time several times faster. Such performance, together with a small
device footprint (< 1.6 x 103 um?), gives a significant contribution to the state-of-the-art
of optical delay lines, confirming the suitability of the graphene-based resonant cavity as
a high-efficient optical delay line for applications in which fast tuning and wide range of
tunability are required, e.g., phased array antennas.

Index Terms: Integrated optics devices, coupled resonators, nanomaterials.

1. Introduction

In recent years, optical delay lines have attracted strong interest due to their ability to control
light propagation [1]. A delay time of few nanoseconds is necessary for several applications,
such as the synchronization of optical data streams for the optical routing and data multiplexing
in optical buffers [2], as well as for phased array antennas (PAAs) in optical beamformers. In
particular, several advantages have recognized to optical delay lines for PAAs in comparison
with the electronic beamformers, i.e., a relevant decrease of the beam squint with large aperture
antennas and large arrays of elements, a wide bandwidth, reduced weight and size and the im-
munity to electromagnetic interference with low radio-frequency (RF) transmission loss. Such
properties, typical of optical configurations, allow also the implementation of multi-task PAAs with
multiple beamforming, required by modern radars and warfare systems [3]-[5]. Similar perfor-
mance has been demonstrated in optical delay lines based on spiral patterns [6], Mach—Zehnder
interferometer (MZI) switches [7], and optical fibers [8]. Their limit is related to a bulky configura-
tion that makes difficult their integration and prevents reduced costs and low energy dissipation [9].

A more efficient on-chip integration due to a stronger light-matter interaction that enhances the
manipulation of the dispersion properties of the light in resonant cavities has been proposed [10].
Resonant cavities have also typical small footprint, providing lower values of energy consumption
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and fast switching time. However, such advantages have been achieved at the expense of lower
values of the delay time, typically on the picosecond scale [11]. Longer delay time by cascading
several resonant cavities in Side Coupled Integrated Spaced Sequence of Resonators (SCIS-
SOR) and Coupled Resonator Optical Waveguide (CROW) configurations, have been proposed in
the literature [12]. The former configuration includes several microring resonators each being side-
coupled to a common waveguide, without any interaction from each other. The latter one is based
on a cascade of several coupled microring resonators. Both configurations provide larger band-
width and higher values of the delay time, improving the performance of the delay line with re-
spect to those obtained by a single resonant cavity [13]. The maximum delay time achieved by
the cascade of several resonant cavities in a SCISSOR configuration is 74, ~ 1.2 ns with a foot-
print of about 108 um? [14], that is lower than that provided by spiral patterns or MZI switches. A
smaller footprint (= 9 - 10* um?) has been also proposed with a maximum delay time 7g = 500 ps
but with high optical loss (22 dB) [12]. High values of the time delay (7 = 800 ps) have been also
obtained by using CROW configurations with a footprint of 5 - 108 pm? [11].

The range of tunability represents an important figure of merit for optical delay lines. In fact,
several applications in optical communications require a large tuning range and also a fast tun-
ability [15]. For this reason, a significant effort has been spent to search for new approaches
and configurations capable of improving the tuning range. A broad tuning range has been calcu-
lated (Atg ~ 500 ps) for a SCISSOR configuration with a footprint of 9 x 10* um? [12], while
Arq ~ 300 ps has been obtained with a smaller device footprint (= 1.2 x 10* m?) [16]. Photonic
crystal (PhC) cavities have been also proposed to control and manipulate light [17]. Large delay
time at nanosecond range has been obtained with coupled PhC cavities with large footprint of
few mm? [18]. Also, a maximum delay time T4 = 216 ps and a tuning range A7y, = 200 ps have
been obtained with a smaller footprint of about 10° pm? [19].

The most used tuning approach is the thermo-optical one, where heating is used to change
the resonance conditions, which is the easiest technique, even if the switching time is quite high
(> 10 us) [20].

Unfortunately, such performance does not fulfill the requirements of fast tunability in few nano-
seconds required to achieve broad steering angles for high efficiency phased array antennas.

Recently, the use of graphene in photonic and optoelectronic devices is increasingly growing,
due to its unique electronic and optical properties, such as high mechanical strength, high flexibility
and optimal thermal conductivity, high optical transparency and carrier mobility [21], [22].
Graphene-based optical devices suitable for optical communications, high-efficiency solar
cells, low cost touch screens, and light-emitting diodes have been recently reported [23]-{29].
Graphene-based optical delay lines electro-optically tuned have been proposed recently with PhC
cavities [30] and cascaded microring resonators in both SCISSORs and CROWSs configurations.
High values of maximum delay time 7, =200 ps and 74 = 250 ps have been obtained with
CROW and SCISSOR structures, respectively, with a footprint smaller than 10° ym?2. The most
remarkable advantage of such cavities is related to a switching time of about 0.12 ns due to the
electro-optic approach, five orders faster than typical values obtained with thermo-optic effect [31].

In this paper we present the design of a fast tunable optical delay line based on a resonant
cavity formed by two vertically-stacked microrings among which is located a capacitor with gra-
phene electrodes. The cavity provides a strong light control and manipulation, achieving a maxi-
mum delay time 74 = 360 ps, extinction ratio ER < 23 dB and a bandwidth B > 1 GHz with a
small footprint of 1600 um?2. The graphene allows a tunable behavior by applying a voltage
< 5V, which corresponds to a continuous tuning range A7y = 230 ps and an energy consump-
tion Egwitch = 3.4 pd with a fast switching time fitch < 2 ns. This performance confirms the high
efficiency of the proposed graphene-based optical delay line to achieve fast beam steering of
phased array antenna in optical beamformers, allowing a precise control of both signal shape
and beam angle of the transmitted and received signals without any information loss [32], and
for biomedical imaging, where fast switching is necessary to achieve a high repetition of the
video frame of the order of few nanoseconds for real-time imaging of matter specimens [33].
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Fig. 1. Configuration of the graphene-based vertically stacked microring resonators.

2. Device Configuration and Operating Principle

The configuration of the graphene-based resonant cavity includes two vertically coupled micror-
ing resonators in SizNy4 (Nsisng = 1.977 at A = 1550 nm) with a radius R = 20 um. The lower mi-
croring is also coupled horizontally to a straight bus waveguide. The strip waveguide forming
the rings and the bus has a width of 900 nm and a height of 644 nm [34]. A negligible coupling
between the upper microring and the bus waveguide has been assumed. Two graphene mono-
layers with a thickness of 0.34 nm are sandwiched between the ring resonators and separated
each other by a layer of Al,O3 (napos = 1.746 at A = 1550 nm) with a thickness s =10 nm to
form a capacitor. The graphene capacitor is placed between the two microring resonators to ob-
tain a symmetrical structure of the device. The whole structure is surrounded by silica (SiO5)
(nsio2 = 1.444 at A = 1550 nm), as shown in Fig. 1 [35].

The cavity has been designed to let the quasi-TE fundamental mode resonate around
1550 nm. This device exhibits the basic features of a directional coupler with the excitation of
supermodes and a periodic exchange of the optical power between the rings. Higher degrees of
freedom in light manipulation have been demonstrated by considering the coupling since the
values of the waveguide optical loss o and the horizontal and vertical coupling coefficients ¢
and k, respectively, strongly influence the cavity performance.

The graphene monolayers have been included in the device to tune the cavity performance,
by applying a variable voltage. Optical losses and light phase in the cavity are indeed strongly
affected by the voltage applied to the graphene layers.

A mature fabrication technique is available to realize the vertically-stacked ring resonators.
The lower microring resonator in SizN4 is defined through the typical processes of e-beam Ii-
thography and reactive ion etching (RIE) [37] and totally embedded in a silica layer by spinning
a flowable oxide layer (followed by a thermal annealing in the oxygen ambient or by using the
precursor tetraethocylane [38]). The Al,O3 can be grown by chemical vapor deposition (CVD)
on the first graphene monolayer, placed on the silica layer with the same deposition technique
as for the second graphene monolayer on the alumina, realizing the capacitor configuration with
graphene layers and Al,O3 as electrodes and dielectric material, respectively. The pattern of the
upper microring can be defined by the deposition of a SisN4 layer with plasma enhanced-CVD
or low pressure-CVD followed by the e-beam lithography and RIE. Finally, the whole cavity is
fully embedded in the silica. The fabrication steps listed above provide a negligible change of
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Fig. 2. Transmission spectra of the vertically stacked ring resonators for three values of k, without
the graphene layers, assuming § = 0.1 and o = 0.12 dB/cm [34].

the refractive index of SiO, and SisN,4 from the nominal values of both materials, as already con-
firmed in [37], where a perfect overlap between experimental and simulations results for the
nominal values of the refractive indices was observed.

3. Numerical Results

The coupled mode theory (CMT) has been considered to study the propagation in the device
without the graphene monolayers, as already discussed in [36]. The transfer function of the de-
vice is the following:

§2e 1t [e7PL — cos(kL)e'] 2

T\ = |t . ——
» Tt te it (1+t)e "Pttacos(KL)

(1)

where t is the portion of field remaining in the bus waveguide and corresponds to 2 =
(1 —42) — 62, where ~2 is the coupler optical loss that we assumed equal to 1%, L is the cavity
length (=2xR), and (= 2wnex/)\) is the propagation constant. Finite Element Method (FEM)
simulations have been carried out to define the value of the effective index of the quasi-TE fun-
damental mode that propagates in the microring resonator. An optical loss « = 0.12 dB/cm has
been assumed, as already experimentally verified [34].

A resonance splitting has been observed in the cavity due to two supermodes with different
propagation constant. The resonance splitting disappears at the degenerate condition, for which
symmetric and antisymmetric supermodes have the same (3 value. Such condition has been ob-
tained with k = ko = 7/L = 0.025 um~', as shown in Fig. 2. Such coupling condition corre-
sponds to a distance of 480 nm between the two microring resonators, as calculated by FEM
simulations and the CMT approach.

The graphene conductivity has been calculated theoretically by taking into account both inter-
band and intraband effects. The graphene has been modelled as an anisotropic layer, assuming
the perpendicular relative permittivity ¢, as constant, while the parallel component ¢ changes
as a function of the voltage applied on the electrodes.

The real and imaginary parts of the optical conductivity of a graphene monolayer with a thick-
ness A = 0.34 nm are given by

18 — (2)°
Or =00 T\/g Yrk (2)

o=@ e -2(2)" - [1-2(2)’
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Fig. 3. (a) Mode distribution in SigN, waveguide with V; = 4.53 V applied to the graphene mono-
layers. (b) Transmission spectra of the vertically stacked ring resonators with § = 0.4 as a function
of V; applied to the graphene layers.

where
B hw + 20, hw —2pu,
by _tanh< tkaT ) +tanh( kT (4)
x =4.6936 — 2.897tanh (|hw - 2p|0'546> (5)
Y =log (—'hw *Hol = 1/)/') 6)
[hw + | + i
with
o |hw+2/u’c| |hw72:uc|

U, =2kgT [tanh( AT tanh kT (7)

and h the reduced Planck's constant, p is the hopping parameter assumed to be equal to 2.7 eV,
ks is the Boltzmann's constant, T is the temperature, 1, the graphene chemical potential, and w
is the angular frequency.

We have assumed ¢, = 1+ /16.39, as for an undoped graphene monolayer, while the parallel
relative permittivity of graphene is given by ¢ = 1 4 io/weoA, where o is the complex conductiv-
ity, €0 the vacuum permittivity, i the imaginary unit, and A the graphene thickness [39].

Equation (8), shown below, describes the relationship between the graphene chemical poten-
tial and the voltage Vj; applied across the electrodes:

C/
He(Vg) = hVF\/ 77;|Vg - Vo (8)

where vr is the Fermi velocity, C'(= earzos - €0/8) is the effective capacitance per unit area with
enzos = 10, e is the electron charge, and V; is the offset voltage for the natural doping (= 0.8 V)
[40]. A sharp decrease of the optical loss has been estimated in a range of 1, around 0.4 eV,
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Fig. 4. Group index of the graphene-based cavity as a function of V;; and «a for several values of 6.
The best compromise between a broad linear tuning range of the group delay and a high value of
the delay time has been achieved with 6 = 0.4.

while values that are almost constant have been obtained with 11, > 0.53 eV, confirming the re-
sults derived by applying the Kubo formalism [41]. A stronger energy consumption is required to
obtain higher values of i, without any significant decrease of the optical loss. Therefore, i, =
0.53 eV has been assumed as the best compromise to minimize the optical loss and the energy
dissipation. This condition can be obtained by applying a voltage V, = 4.53 V, according to (8).

The cavity performance has been first calculated assuming V, = 4.53 V. We have assumed a
slight change of 1% in the value of k from ko, i.e., k equal to 0.02525 um~', to improve the ex-
tinction ratio and also to preserve the degenerate mode condition.

An effective index ne; = 1.704 + i2.04 - 10-¢ has been calculated by FEM simulations with an
applied voltage on graphene layers V, =453V, which corresponds to (=27 ng/\ =
6.922-10° m~'. A Q-factor of 6.4 x 10° at a resonating wavelength equal to A\g = 1546.05 nm,
a maximum delay time 7y = 130 ps, ER = 1.7 dB and a bandwidth B = 7 GHz have been calcu-
lated, assuming 6 = 0.4, as shown in Fig. 3.

Tuning of the delay time has been obtained by changing the voltage V; across the graphene
layers.

A detailed parametric analysis has been carried out to evaluate the optimal values of ¢ and a,
that maximize the delay time and optimize the tuning range.

The coupling coefficient § depends on the gap between the bottom ring and the bus wave-
guide and we consider it not tunable after the device fabrication, while « can be electrically
tuned by changing V,. The coupling coefficient k, which depends on the distance between the
rings, has been kept constant at 0.02525 ym~'. The minimum value of « is 0.72 dB/cm, which
is obtained when V, = 4.53 V, as discussed above. When Vj, is reduced, « increases.

In Fig. 4, we have plotted the dependence of the device group index ng =74 -¢/L = c/vy,
(vg is the group velocity) on « at the resonance wavelength, for several values of 6 in the range
from 0.40 to 0.60. The slow-light regime is obtained for ny > 1, which corresponds to v, < c.
Otherwise, the fast-light regime is provided when ny < 1. Outside the 6 range from 0.40 to 0.60
we have that for § > 0.60 only the fast-light regime is supported by the device while for 6 < 0.40
the resonance splitting condition, which provides different propagation constants of the symmet-
ric and antisymmetric modes, has been observed. Under the latter conditions, small changes in
the group delay have been observed at both resonances providing a narrow tuning range, which
is not suitable for an efficient tunable delay line.

A slow light effect has been observed for all considered vales of ¢ (0.40 < ¢ < 0.60). First, the
group index increases as « increases, then a sharp decrease of ny is observed. After this abrupt
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TABLE 1
Optical delay line performance

Tgmax 360 ps
Aty 230 ps
Eswitch 34pJ
tswitch <2ns
ER 23 dB

decrease, ng again increases with . The width of the range of o values suitable to use the de-
vice as slow-light-based delay line decreases as § increases. For example, for the 6 = 0.4 the
condition assuring the excitation of the slow-light regime is 0.72 dB/cm < « < 9.5 dB/cm, while
for 6 = 0.5 the same condition is achieved for 0.72 dB/cm < « < 5.0 dB/cm.

In the slow light regime, the ny dependence on « is nonlinear for §6 = 0.45,0.50,0.55, and
0.60. For 6=0.40 we can observe that the n, dependence on « is almost linear when
0.72 dB/cm < « < 7.8 dB/cm. Therefore, we have chosen as the operating condition 6 = 0.40
because a slow-light effect is provided with the broadest range of more linear behavior for the
optical loss, as shown in Fig. 4. We have calculated that a gap between the bus waveguide
and the lower microring G = 240 nm is necessary to satisfy such coupling condition (6 = 0.4).
The method used for the bus/ring gap calculation based on the Coupled Mode Theory (CMT)
is defined in [42] and [43].

As discussed above, a delay time 7y = 130 ps has been calculated with V; =4.53 V and a =
0.72 dB/cm. We have also obtained the maximum delay time 4 = 360 ps, with o = 7.8 dB/cm,
. = 0.465 eV, corresponding to V,;=3.67 V. Under this condition, we have calculated
Q=7 x10% ER =23 dB, and B > 1 GHz. Thus, by changing Vg from 4.53 V to 3.67 V, a contin-
uous tuning range A7y = 230 ps is obtained.

This result achieved for our graphene-based device testifies a performance comparable with
the CROW-based one reported in [12], but it is 30 times smaller.

The switching time and the energy consumption represent two important parameters to define
the efficiency of the optical delay line. The most remarkable advantage in using graphene for re-
alizing delay lines is related to a faster tuning condition due to the electro-optic approach, be-
cause 74 can be quickly and easily changed by changing the applied voltage. Therefore, the
maximum value of the switching energy consumption to allow a tuning of 230 ps in the cavity
has been calculated by (3) [44]:

C
Eswitch = 5 (V(%N - VgFF)' 9)

A switching energy Egwich =49.9 pd has been obtained, assuming Vpoy=4.53V and
Vore = 3.67 V. Such performance has been calculated assuming eapo3z = 10, s =10 nm, and
an area of the electrodes A ~ 4R? = 1600 um?. The capacitance C = (eai03 - €0 - A)/S resulted
equal to 14 pF. A strong decrease of the capacitance (C = 0.97 pF) has been evaluated by
modifying the pattern of the electrodes; therefore, covering with the graphene layers only the
microring resonators with an area of 110 um2. A very low energy switching consumption
Eswiteh = 3.4 pJd has been calculated in this last case.

We have also evaluated the switching time, which is proportional to the R.,sC constant
(fwiteh ~ ResC) [45]. Typical experimental values of the resistance of graphene layers used as
electrodes with applied voltage V, <5V, are Res < 2 k2 [46]. Assuming C = 0.97 pF calculated
when the graphene layers cover only the microrings, a switching time fyich < 2 ns has been ob-
tained, as reported in Table 1, that can be further optimized with lower values of resistance.
This value of fiten is higher than that in [20], but it is four orders of magnitude less than the typ-
ical switching time of the thermo-optically tunable optical delay lines.

The performance of the graphene-based optical delay line has been compared with the state-
of-the-art of the integrated optical delay lines, as shown in Table 2. The ratio between the tuning
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TABLE 2

Comparison of the performance of the graphene-based resonant cavity with the state-of-the-art of
the integrated optical delay lines

Configuration Footprint (A) Delay time (15) [ps] Tuning range (ATg) FOM (A1yA) Tuning Switching
[um?] [ps] [ps/ um?] effect Time (t) [ns]
SCISSOR[14] 108 1200 ps 1200 ps 1.2x10° - -
SCISSOR[12] 9x10* 500 ps - -
CROW [11] 510° 800 ps 800 ps 1.6x107 - -
SCISSOR[16] 1.4x10* 300 ps 300 ps 2.5x10? Themo- >10*ns
optically
PhC[19] 2x10° 216 ps 200 ps 10° B -
SCISSOR [20] 10 345ps 3.4x10? Themo- 10*ns
optically
Graphene-based <10° 250 ps - ~2x103 Electro- 0.12ns
SCISSOR[31] optically
Graphene-based <10° 200 ps - ~2x10° Electro- 0.12ns
CROW [31] optically
This work 1.6x10° 360 ps 230 ps 1.4x10" Electro- 2ns
optically

range and the device footprint represents an important figure of merit (FOM) for optical delay
lines. A value of FOM equal to 1.4 x 10~" ps/um? has been calculated for the graphene-based
cavity, which is higher of about a factor 4 compared to the values obtained by CROW configura-
tions [16], [20], also providing a switching time several times faster and confirming the suitability
of the graphene-based resonant cavity as optical delay line.

4. Conclusion

An efficient optical delay line having a very innovative configuration with high delay time up to
79 = 360 ps, broad tuning range A7ty =230 ps, bandwidth of a few GHz, ER < 23 dB, fast tun-
ability (fswitch ~ 2 ns), low energy consumption (Eswitch ~ 3.4 pJ), and very small footprint (A=
1600 1tm?) has been designed. The achieved results demonstrate an enhancement of the figure
of merit FOM = A7y /A(= 1.4 x 107! ps/um?) of a factor 4 compared to the state-of-the-art of
the optical delay lines also with a much faster tunability. Such performance confirms the advan-
tage of the graphene integration in the resonant optical devices to obtain an efficient light modu-
lation and the suitability of the graphene-based resonant cavity as optical delay line for several
applications, mainly for fast beam steering of phased array antennas in optical beamformers,
because it fully satisfies the requirements of a switching time under 10 s and A7y > 200 ps [17].

References

[1] G. Lenz, B. J. Eggleton, C. K. Madsen, and R. E. Slusher, “Optical delay lines based on optical filters,” IEEE J.
Quantum Electron., vol. 37, no. 4, pp. 525-532, Apr. 2001.

[2] H. Park, J. P. Mack, D. J. Blumenthal, and J. E. Bowers, “An integrated recirculating optical buffer,” Opt. Exp., vol. 16,
no. 15, pp. 11124-11131, Jul. 2008.

[3] Y. Liu, J. Yang, and J. Yao, “Continuous true-time-delay beamforming for phased array antenna using a tunable
chirped fiber grating delay line,” IEEE Photon. Technol. Lett., vol. 14, no. 8, pp. 1172-1174, Aug. 2002.

[4] L. Zhuang et al., “Novel ring resonator-based integrated photonic beamformer for broadband phased array receive
antennas—~Part |: Design and performance analysis,” IEEE J. Lightw. Technol., vol. 28, no. 1, pp. 3—18, Jan. 2010.

[5] X. Ye, F. Zhang, and S. Pan, “Optical true time delay unit for multibeamforming,” Opt. Exp., vol. 23, no. 8,
pp. 10002—-10008, Apr. 2015.

[6] R. L. Moreira et al., “Integrated ultra-low-loss 4-bit tunable delay for broadband phased array antenna applications,”
IEEE Photon. Technol. Lett, vol. 25, no. 12, pp. 1165-1168, Jun. 2013.

[7] J. Xie, L. Zhou, Z. Li, J. Wang, and J. Chen, “Seven-bit reconfigurable optical true time delay line based on silicon
integration,” Opt. Exp., vol. 22, no. 19, pp. 22707-22715, Sep. 2014.

[8] B. Vidal, T. Mengual, C. Ibafez-L6pez, and J. Marti, “Optical beamforming network based on fiber-optical delay lines
and spatial light modulators for large antenna arrays,” IEEE Photon. Technol. Lett., vol. 18, no. 24, pp. 2590-2592,
Dec. 2006.

[9] H. Lee, T. Chen, J. Li, O. Painter, and K. J. Vahala, “Ultra-low-loss optical delay line on a silicon chip,” Nature
Commun., vol. 3, pp. 1-7, May 2012.

[10] J. K. S. Poon, J. Scheuer, Y. Xu, and A. Yariv, “Designing coupled-resonator optical waveguide delay lines,” J. Opt.
Soc. Amer. B, vol. 21, pp. 1665—-1673, 2004.

Vol. 7, No. 6, December 2015 7802409



IEEE Photonics Journal Graphene-Based Tunable Optical Delay Line

[11] F. Morichetti, C. Ferrari, A. Canciamilla, and A. Melloni, “The first decade of coupled resonator optical waveguides:
Bringing slow light to applications,” Laser Photon. Rev., vol. 6, no. 1, pp. 74-96, Jan. 2012.

[12] F. Xia, L. Sekaric, and Y. Vlasov, “Ultracompact optical buffers on a silicon chip,” Nature Photon., vol. 1, pp. 65-71,
2007.

[13] W. Bogaerts et al., “Silicon microring resonators,” Laser Photon. Rev., vol. 6, no. 1, pp. 4773, Jan. 2012.

[14] L. Zhuang et al., “Single-chip ring resonator-based 1 x 8 optical beam forming network in CMOS-compatible,” IEEE
Photon. Technol. Lett., vol. 19, no. 15, pp. 1130-1132, Aug. 2007.

[15] A. Craig Beal, P. D. Kumavor, J. H. Kelrn, and B. C. Wang, “Fast tunable parallel optical delay line for multi-rate
communication and dynamic bandwidth allocation,” in Proc. IEEE 17th Annu. Meet. Lasers Electro-Opt. Soc., 2004,
pp. 709-710.

[16] F. Shinobu, N. Ishikura, Y. Arita, T. Tamanuki, and T. Baba, “Continuously tunable slow-light device consisting of
heater-controlled silicon microring array,” Opt. Exp., vol. 19, no. 4, pp. 13557-13564, Jul. 2011.

[17] T. Baba, “Slow light in photonic crystals,” Nature Photon., vol. 2, pp. 465—473, 2008.

[18] H. Tian, F. Long, W. Liu, and Y. Ji, “Tunable slow light and buffer capability in photonic crystal coupled-cavity wave-
guides based on electro-optic effect,” Opt. Commun., vol. 285, no. 10/11, pp. 2760-2764, May 2012.

[19] C.-Y. Lin et al, “Silicon nanomembrane based photonic crystal waveguide array for wavelength-tunable true-time-
delay lines,” Appl. Phys. Lett., vol. 101, 2012, Art. ID 051101.

[20] P. A. Morton, J. Cardenas, J. B. Khurgin, and M. Lipson, “Fast thermal switching of wideband optical delay line with
no long-term transient,” IEEE Photon. Technol. Lett., vol. 24, no. 6, pp. 512-514, Mar. 2012.

[21] K. Geim and K. S. Novoselov, “The rise of graphene,” Nature, vol. 6, pp. 183—-191, 2007.

[22] F. Bonaccorso, Z. Sun, T. Hasan, and A. C. Ferrari, “Graphene photonics and optoelectronics,” Nature Photon., vol. 4,
pp. 611-622, 2010.

[23] C. Qiu et al, “Efficient modulation of 1.55 um radiation with gated graphene on a silicon microring resonator,”
Nano Lett., vol. 14, pp. 6811-6815, 2014.

[24] C. T. Phare, Y.-H. D. Lee, J. Cardenas, and M. Lipson, “Graphene electro-optic modulator with 30 GHz bandwidth,”
Nature Photon., vol. 9, pp. 511-514, 2015.

[25] T. H. Han et al., “Extremely efficient flexible organic light-emitting diodes with modified graphene anode,” Nature,
vol. 6, pp. 105-110, 2012.

[26] K. S. Novoselov et al., “A roadmap for graphene,” Nature, vol. 490, no. 7419, pp. 192-200, 2010.

[27] T. Pan et al., “Analysis of an electro-optic modulator based on a graphene-silicon hybrid 1D photonic crystal nano-
beam cavity,” Opt. Exp., vol. 23, no. 18, pp. 2335723364, Sep. 2015.

[28] Y. Song et al., “Role of interfacial oxide in high-efficiency graphene—Silicon Schottky barrier solar cells,” Nano Lett.,
vol. 15, no. 3, pp. 2104—2110, Mar. 2015.

[29] A. Majumdar, J. Kim, J. Vuckovic, and F. Wang, “Electrical control of silicon photonic crystal cavity by graphene,”
Nano Lett., vol. 13, no. 2, pp. 515-518, Feb. 2013.

[30] J. K. Thind, M. Kumar, and B. K. Kaushik, “Electrical tuning of optical delay in graphene-based photonic crystal
waveguide,” IEEE J. Quantum Electron., vol. 51, no. 10, Oct. 2015, Art. ID 6400105.

[31] J. Capmany, D. Domenech, and P. Munoz, “Silicon graphene reconfigurable CROWS and SCISSORS,” IEEE
Photon. J., vol. 7, no. 2, Apr. 2015, Art. ID 7050244.

[32] J. L. Zhuang et al., “Phased array receive antenna steering system using a ring resonator-based optical beam forming
network and filter-based optical SSB-SC modulation,” in Proc. IEEE Int. Topical Meet. Microw. Photon., Victoria, BC,
Canada, 2007, pp. 88-91.

[33] C. Rosa, J. Rogers, and A. G. Podoleanu, “Fast scanning transmissive delay line for optical coherence tomography,”
Opt. Lett., vol. 30, no. 24, pp. 3263-3265, Dec. 2005.

[34] A. Gondarenko, J. S. Levy, and M. Lipson, “High confinement micron-scale silicon nitride high Q ring resonator,”
Opt. Exp., vol. 17, no. 14, pp. 11366-11370, Jul. 2009.

[385] C. Ciminelli, D. Conteduca, F. Dell'Olio, and M. N. Armenise, “Novel graphene-based photonic devices for efficient
light control and manipulation,” in Proc. IEEE ICTON, Budapest, Hungary, 2015, pp. 1-4.

[36] C. Ciminelli, C. E. Campanella, F. Dell'Olio, and M. N. Armenise, “Fast light through velocity manipulation in two
vertically-stacked ring resonators,” Opt. Exp., vol. 18, no. 3, pp. 2973-2986, Feb. 2010.

[37] C. A. Barrios et al., “Demonstration of slot-waveguide structures on silicon nitride/silicon oxide platform,” Opt. Exp.,
vol. 15, no. 11, pp. 6846-6856, May 2007.

[38] K. Preston, B. Schmidt, and M. Lipson, “Polysilicon photonic resonators for large-scale 3D integration of optical
networks,” Opt. Exp., vol. 15, no. 25, pp. 17283-17290, Dec. 2007.

[39] E. Simsek, “A closed-form approximate expression for the optical conductivity of graphene,” Opt. Lett., vol. 38, no. 9,
pp. 1437-1439, May 2013.

[40] V. Sorianello, M. Midrio, and M. Romagnoli, “Design optimization of single and double layer graphene phase modu-
lators in SOI,” Opt. Exp., vol. 23, no. 9, pp. 6478-6490, Mar. 2015.

[41] Z. Lu and W. Zhao, “Nanoscale electro-optic modulators based on graphene-slot waveguides,” J. Opt. Soc. Amer. B,
vol. 29, pp. 1490-1496, 2012.

[42] F. Dell'Olio, D. Conteduca, C. Ciminelli, and M. N. Armenise, “New ultrasensitive resonant photonic platform for label-
free biosensing,” Opt. Exp., vol. 23, pp. 28593-28604, 2015.

[43] R. C. Alferness and P. S. Cross, “Filter characteristics of codirectionally coupled waveguides with weighted coupling,”
IEEE J. Quantum Electron., vol. QE-14, no. 11, pp. 843-847, Nov. 1978.

[44] M. Midrio et al., “Graphene—Assisted critically—Coupled optical ring modulator,” Opt. Exp., vol. 20, pp. 23144-23155,
2012.

[45] J. Gosciniak and D. T. H. Tan, “Theoretical investigation of graphene-based photonic modulators,” Sci. Rep., vol. 3,
2013, Art. ID 1897.

[46] X. Li et al., “Transfer of large-area graphene films for high-performance transparent conductive electrodes,” Nano Lett.,
vol. 9, pp. 4359-4363, 2009.

Vol. 7, No. 6, December 2015 7802409




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues false
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


