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Abstract: We propose the incorporation of graphene to integrated coupled resonator
waveguides and side-coupled integrated spaced sequence of resonator devices to en-
able reconfigurable operation. The key element to achieve this is a tunable silicon gra-
phene Mach—Zehnder interferometer (MZI) that acts as an equivalent variable 2 x 2
coupler, where the value of its coupling constant is changed by varying the chemical po-
tential of a graphene section placed on top of one of its arms.

Index Terms: Microwave photonics, microwave photonic filtering, integrated optics,
graphene.

1. Introduction

Graphene is a 2-D single layer of carbon atoms arranged in an hexagonal lattice that has raised
considerable interest in recent years due to its remarkable optical and electronic properties
[1]-[3]. In particular, it has a linear dispersion relationship in the so-called Dirac points where
electrons behave as fermions with zero mass, propagating at a speed of around 106 ms~! and
featuring mobility values of up to 10° cm2V~'s~'. Graphene also shows unusual optical proper-
ties [4]. For instance, due to its linear dispersion, it can absorb light over a broad frequency
range enabling broadband applications. Another noteworthy property of this material is that the
density of states of carriers near the Dirac point is low, and as a consequence, its Fermi en-
ergy can be tuned significantly with relatively low electrical energy (applied voltage) [1]-[4].
This Fermi level tuning changes, in turn, the refractive index of graphene, and thus, the combi-
nation of graphene with integrated dielectric waveguides opens unprecedented possibilities for
the design of tunable components in optoelectronics [5], and several groups have recently
reported devices with applications in the microwave, terahertz, and photonic regions of the
electromagnetic spectrum [3]-[6]. A particularly active area of research aims at designing tun-
able integrated photonic components and different groups have reported both theoretical and
experimental contributions addressing different functionalities that include electro-absorption
modulation in straight waveguides [6]-[8], resonant modulators [9], channel switching [10], and
electro-refractive modulation [11].

Although most of the former components can find application in digital communications, the
use of graphene can also be exploited in microwave photonics (MWP) applications, as we have
recently proposed for the implementation of phase shifters [12] and true time delay lines, [13].
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While these devices are key in most MWP systems [14], [15], these systems also require the
availability of reconfigurable complex integrated resonant filters [16], such as coupled resonator
optical waveguides (CROWS) and side-coupled integrated spaced sequence of resonators
(SCISSORS). In this paper, we propose the incorporation of graphene to integrated coupled res-
onator waveguides (CROWS) and SCISSOR devices to enable reconfigurable operation. The
paper is structured as follows. In Section 2 we review some basic properties of graphene that
are important in the design of tunable integrated photonic components, such as the dependence
of its conductivity and dielectric constant on the chemical potential and applied voltage and we
briefly describe the silicon photonics waveguide considered for the implementation of the recon-
figurable resonant filters. Although graphene can be incorporated into other material platforms
including InP [17] and SizN,4 [18] its integration in Silicon waveguides is so far better understood
both theoretically and experimentally, and therefore, we consider this option in the paper, al-
though the design procedure can be extended to both of them as well. Section 3 presents the
layouts of the CROW and SCISSOR devices and elaborates on the designs of its key com-
ponent, which is the tunable 2 x 2 coupler implemented by means of a graphene based
Mach—Zehnder Interferometer (MZI). It also presents the results obtained for the design of
uniform and apodized CROW and SCISSOR reconfigurable devices and also describes the
synthesis procedure to implement maximally flat Butterworth filters. Section 4 discusses practi-
cal orders of magnitude related to power voltage operation ranges, power consumption and
reconfiguration speed of these filters. Section 5 presents our conclusions.

2. Graphene Conductivity and Silicon Waveguide Design

Graphene has noteworthy optical properties due to its conical band structure that allow both
intra-band and inter-band transitions [1]-[3]. Both types of transitions contribute to the material
conductivity [18]

o(w) = intra(w) + Tinter(w). 1)

Intra-band transitions are the dominant source for the overall conductivity in the microwave
and terahertz regions of the spectrum that can be expressed in terms of the Kubo's formula [18]:

) _ ieszT /ic _(Mc/kBT)
) = a7 s [kBT +2in(e 1) @)

where e represents the charge of the electron, h the angular Planck constant, kg the Boltzmann
constant, T the temperature, L, is the Fermi level or chemical potential
r evi
27

is the electron collision rate which is a function of the electron mobility 1, and the Fermi velocity
in graphene vg ~ 108 ms™'. In the visible optical region of the spectrum, however, inter-band
transitions dominate the conductivity that is given by [3]
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Uinter(w) =

where f(x) is the Fermi-Dirac distribution. From (1)—(4), one can get the dielectric constant of a
layer of graphene:

io(w)
weoA

gglw) =1+ (5)

where A = 0.34 nm is the thickness of the layer. The upper left part of Fig. 1 represents, as an ex-
ample, the real and imaginary parts of both the intra and inter-band conductivities for A = 1550 nm,

Vol. 7, No. 2, April 2015 2700609



IEEE Photonics Journal Silicon Graphene CROWS and SCISSORS

' 1 s 5

Real(inter) Imag(intra)
10 E 4 L4
1’ r
~ - —3
P g3 g
= ~
O_—m ) Il B
’ & 5 —zi
1w I
- 1 1
1
Real(intra)

Iy . . =T epe————————
" e ; ° ! 0 02 04 06 08 1
pc(eV) Pe vy

. 1875
Air 500 nm _ o2
<—— > (Graphene =
== =
1.87 861
"""" : e 1.865
' g
1.86
1.855

Fig. 1. Upper left: Real and imaginary parts of the intra- and inter-band conductivities of graphene
for A = 1550 nm, T = 300 °K, and 1/2I" = 5.10~'® sec. Upper right: Overall complex refractive index.
Lower left: Deep silicon waveguide with a layer of graphene placed on top of it. Lower right: Effec-
tive index and losses for the TM mode of a deep graphene silicon waveguide.

T =300 °K, and 1/2T"' = 5.10~'3 sec as a function of the chemical potential, while the lower part
represents the dielectric constant. In this particular example, a transition can be observed at
|e| = 0.4 eV, where the dielectric constant changes from purely real |1.| > 0.4 eVto imaginary
11| < 0.4 eV. Note that in the vicinity of |1,| > 0.4 eV a small change in the chemical potential
yields a substantial change in the real value of the effective index of graphene as shown in the up-
per right part of Fig. 1. Graphene is electro-refractive in that region. On the other side, a small
change in the chemical potential in both directions around |u,| = 0.4 eV yields a substantial
change in the imaginary value of the dielectric constant (i.e., the losses) and graphene is electro-
absorptive in that region. Exploiting either the electro-refractive or the electro-absorptive behaviour
of graphene lies at the heart of designing the microwave photonics phase-shifter. Tunability is
achieved by suitable application of a voltage V, to the graphene layer in combination with a di-
electric substrate, since this changes the value of the chemical potential according to [11]

c
= hvey 2| Vg — Vol 6)

where V, = 0.8 V is the offset from zero caused by natural doping n, due to the graphene-sub-
strate interaction (we assume p doping), C = ¢4/d is the effective capacitance per unit area, where
d represents the substrate layer thickness, ¢4 the dielectric constant of the combined graphene-
substrate structure, and n = C/e =9 x 10'® V-'m~2 [6]. The relationship between the required
chemical potentials and the carrier densities can be found by straightforward application of

|Mc(vg)|:hv'= e

h§v2 / x[f(x) — f(x +2u,)] dx. (7)
Y F o

nS(/'Lc) =
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Fig. 2. Left: Diagrams of a CROW (upper) and SCISSOR (lower) cavity filter. Right: Proposed imple-
mentation of a reconfigurable CROW and SCISSOR using tunable 2 x 2 graphene MZI 3 dB couplers.

Graphene can be incorporated into silicon to implement graphene silicon waveguides (GSWs).
One approach, shown in the lower left part of Fig. 1 consists in placing a monolayer graphene
sheet on top of a silicon bus waveguide, separated from it by a thin Al,O3 layer. The presence
of the graphene layer modifies the propagation characteristics (field profile, losses, and effective
index) of the guided modes and these can be in turn, as mentioned above, controlled and re-
configured changing the chemical potential by means of applying a suitable voltage. In addition,
all these properties are wavelength dependent; therefore, a complete description of how these
parameters change in terms of chemical potential and wavelength is required. With the excep-
tion of very simple and unpractical waveguide configurations, this description requires the use
of numerical and or mode solving techniques. For the waveguide shown in the lower left part of
Fig. 1 a numerical procedure reported in [12], [13] yields the effective index and absorption
losses versus the chemical potential for both transverse electric (TE) and Magnetic (TM) modes.
The lower right part of Fig. 1 shows, as an example for A = 1550 nm the effective index and the
losses (in insets) versus the chemical potential for the TM fundamental mode.

3. Silicon Graphene Reconfigurable CROW and SCISSOR Structures

The right part of Fig. 2 shows the typical diagrams of a CROW [20] (upper part) and a SCISSOR
(lower part) cavity filter respectively. Although the number of cavities in both structures can be ar-
bitrary, in the figure we only show three. Note as well that the SCISSOR can have an upper
waveguide bus, which we have not included in the figure. Throughout this paper we will assume
that all cavities have the same length L, although in practice they can also be different. In the
right part of the figure we show the design for the proposed silicon graphene versions of both de-
signs respectively. A racetrack configuration has been selected where the coupling regions be-
tween the different cavities and those between the bus waveguides and the input cavities are
implemented by means of a 3 dB tunable Mach—Zehnder Interferometer (MZI) as proposed by
Madsen et al. [21]. This structure behaves as a tunable 2 x 2 coupler provided that the phase dif-
ference between the balanced arms (of total length Lyz) of the MZI can be tuned by some exter-
nal means. In practice it is customary to do so by exploiting the thermo-optic effect, but this
results in an inherently slow tuning speed (several milliseconds). A fast phase shift and there-
fore coupler tunability can be achieved exploiting the electro-refractive region of the silicon gra-
phene waveguide shown in Fig. 1, which corresponds to |u,| > 0.4 eV. To do so, one of the two
arms of the MZI structure is includes a portion of silicon graphene waveguide of length Lg.

The upper part of Fig. 3 shows a more detailed description of the tunable MZI device where
all the relevant elements are displayed including the metal contacts to obtain the desired value
of the chemical potential by the application of a suitable voltage according to (6).

Vol. 7, No. 2, April 2015 2700609



IEEE Photonics Journal Silicon Graphene CROWS and SCISSORS

,,,,,,,,,,,,,, Metal contacts

Graphene sheet L

3dB coupler 3dB coupler

Power Coupling Constant

Fig. 3. Upper: Detailed diagram of the tunable MZI with all the relevant elements. Lower: Intensity
transfer function of the MZI tunable 2 x 2 coupler as a function of the chemical potential when a
Lg = 100 mm silicon graphene waveguide is included in one of its arms. Spatial field mode propa-
gation is also depicted for selected points in the curve.

The lower left part of Fig. 3 shows the intensity transfer function of the silicon graphene MZI as
a function of the chemical potential for the waveguide design of the lower left part of Fig. 1 and
its corresponding effective index variation shown in the lower right part of Fig. 1. We have as-
sumed for this case Ly = 100 um. As it can be observed the whole range of possible values of
equivalent coupling constant (0 < K < 1) can be achieve by tuning the chemical potential from
0.5 to 1 eV, which correspond to carrier densities in the order of 20 to 60 x 10> cm~2 [9]. This
range can be decreased if the length of the silicon graphene waveguide is increased. For
instance if Ly =200 um then 0 < K < 1 is achieved by tuning the chemical potential from 0.5 to
0.72 eV. As it was found also in [11] for electro-refractive graphene modulators the transfer func-
tion of the MZI is not periodic with the chemical potential. The lower right part of Fig. 3 shows the
spatial field propagation obtained by numerical computation of three relevant points in the trans-
fer function curve K=0 (u, = 0.5), K=0.5, (14, = 0.7238), and K= 1 (i, = 0.967). The feasi-
bility of tuning the coupling constant of the equivalent MZI 2 x 2 coupler allows the
implementation of reconfigurable CROW and SCISSOR filters. Fig. 4 shows, for instance, the re-
sults obtained of a 5 cavity lossless CROW and SCISSOR structures. In all the cases, the race-
track cavities had equal length (650 Lt,,,).

Further control is possible if the tunability provided by the graphene variable MZI 2 x 2 cou-
plers can be exploited to implement filter synthesis algorithms. For instance, an elegant continu-
ous fraction technique has been derived in [22] that allows for the synthesis of CROW filters by
means of the insertion loss method. We have employed the technique described in [22] to im-
plement second, third and fourth maximally flat Butterworth filters using CROW structures.
Fig. 5 shows the results obtained for the different filter orders taking the value of the chemical
potential ¢ (equivalent coupling constant K) corresponding to the input coupler (from the input
bus waveguide to the first cavity) as a parameter. The values of the rest of chemical potentials
Uet, Moo, - - -(coupling constants Ky, Ky, ...) for the subsequent couplers can be related to this
first one according energy coefficient relationships derived in [22, Tab. 1]. Table 1 gives the
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Fig. 4. Left: Transmission and group delay for a 5 racetrack uniform CROW including graphene tun-
able couplers for several values of chemical potential. Middle: Similar results for a 5 racetrack uni-
form (blue line) and apodized (red lines) CROWs. All the couplers in the uniform CROW have a
U, =0.85 (K=0.8) and the apodized CROW has the following values: p, = [0.8338 0.7432
0.7 0.7 0.7432 0.8338] (K = [0.7606 0.5501 0.4371 0.4371 0.5501 0.7606]). Right: Similar results
for a 5 racetrack uniform (blue lines) and apodized (red lines) SCISSOR including graphene tunable
couplers. All the couplers in the uniform SCISSOR have a i, = 0.569 (K = 0.1). For the apodized
SCISSOR, the following values are employed: i, = [0.5467 0.5544 0.5667 0.5667 0.5544]
(K =[0.0546 0.0687 0.0950 0.0950 0.0687]). In all the cases, the racetracks have a cavity length of
650 microns and an FSR~100 GHz, and only the detail of a single resonance is shown.

required values for each of the transfer functions displayed in Fig. 5. As it can be appreciated
from Fig. 5 maximally flat response is obtained in all the cases with a better approximation to
the Butterworth filter profile for higher Q (K < 0.3) and higher cavity count filters (which is actu-
ally the condition for which the partial fraction approximation of the CROW filter transfer func-
tion derived in [22] holds.

4. Discussion

The results obtained in Section 3 show that, in principle, the use of silicon graphene wave-
guides can be employed to implement tunable CROW and SCISSOR structures with fairly com-
plex transfer functions. We now discuss on the orders of magnitude of the required voltages,
the power consumption, and reconfiguration speed.

The required voltage ranges can be obtained from the chemical potential using (6). According
to the results displayed in Fig. 3, covering a coupling constant range of 0 < K < 1 with a tun-
able coupler with Ly = 100 mm requires a chemical potential range 0.5 < 11, < 1 or, a voltage
range of 2 < V < 8 volt, that is, a voltage excursion of around 6 volt. In practice however and
as shown in Section 3, high performance filters will not require values of chemical potential ex-
ceeding 0.73 eV. This further lowers the range of voltage to 2 < V < 4.3 volt, that is, a voltage
excursion of around 2.3 volts. Note that, according to (6) the voltage operation values will de-
pend on the effective capacity, which, in turn can be altered by changing the oxide thickness in
the waveguide structure. Regarding the power required by coupler this will depend on the value
of the contact resistance between the electrode and the graphene sheet since the resistance of
the graphene layer can be neglected [6]. Typical reported values are in the around R = 600 {2
[6], which imply a power range in between 3.3 and 15.4 mW, that is a 12 mW margin to drive
the coupler from 0 < K < 0.5. Finally regarding the potential reconfiguration speed of the indi-
vidual couplers this will be proportional to their RC time constant. Since typical values of the ca-
pacity are in the order of 0.2 pF [6] the expected reconfiguration speed is around 0.12 ns,
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Fig. 5. Results for the synthesis of Butterworth filters using 2, 3, and 4 equal cavity length (650 pim)
CROW structures and the partial fraction method of [20]. The required values for the chemical
potentials in each case are given in Table 1.

which is at least three orders of magnitude faster than what is achievable with thermo-optic
effects.

5. Summary and Conclusion

We have proposed, for the first time to our knowledge, the incorporation of graphene to inte-
grated coupled resonator waveguides (CROWS) and SCISSOR devices to enable
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Required values for the chemical potentials in the 2 x 2 silicon graphene MZ| variable 2 x 2 cou-

TABLE 1

plers for implementing of two, three, and four cavity butterworth filters

TWO CAVITY FILTER

K Ki K (eV) Ha(eV)

0.5 0.0625 0.7238 0.5516

0.4 0.04 0.6860 0.5388

0.3 0.0225 0.6487 0.5282

0.2 0.01 0.6106 0.5193

0.1 0.0025 0.5690 0.5120

THREE CAVITY FILTER

K Ki= K, e (eV) Ha= He (eV)

0.5 0.0312 0.7238 0.5336

0.4 0.02 0.6860 0.5265

0.3 0.0112 0.6487 0.5200

0.2 0.005 0.6106 0.5159

0.1 0.0013 0.5690 0.5083

FOUR CAVITY FILTER

K Ki= K3 Kz He (eV) Ha= Kes (V) Hez (eV)
0.5 0.025 0.01 0.7238 0.5298 0.5193
0.4 0.016 0.0064 0.6860 0.5235 0.5170
0.3 0.009 0.0036 0.6487 0.5187 0.5143
0.2 0.004 0.0016 0.6106 0.5148 0.5092
0.1 0.001 0.0004 0.5690 0.5072 0.5072

reconfigurable operation. The key element to achieve this is a tunable silicon graphene Mach—
Zehnder interferometer (MZI) that acts as an equivalent variable 2 x 2 coupler, where the value
of its coupling constant is changed by varying the chemical potential of a graphene section
placed on top of one of its arms. Versatile operation including uniform, windowed, and maximally
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flat reconfigurable transfer function has been demonstrated. Typical orders of magnitude related
to required operating voltages, power consumption and reconfiguration speeds have been
discussed.
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