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Abstract: Optical saturable absorption through a monolayer graphene vertically inserted
between fibers and overlaid on an ion-exchanged waveguide was measured for picosecond
switching application. In our proposed switch, complete switching is performed by controlling
the signal light amplitude with the configuration of two cascaded Mach—Zehnder interfero-
meters. To control the signal light amplitude, we use saturable absorption in graphene. For
switching, the modulation depth of the amplitude is required to be 2.414, which corresponds
to 7.65 dB in intensity. The modulation depth of absorption larger than 10 dB was expe-
rimentally obtained in the graphene-loaded waveguide with length of 7 mm.

Index Terms: Optical switch, saturable absorption, graphene.

1. Introduction

Fast-response optical saturable absorption in graphene has been studied to realize short pulse fiber
lasers [1], [2], [3]. Optical saturable absorption has been studied using the Z-scan method in
monolayer and multiple-layer graphene formed on a sheet of a transparent substrate [4], [5]. Only a
few results have been reported on graphene loaded optical planar waveguide. Among them,
graphene loaded optical fiber was studied for a TE-pass polarizer [6].

By employing graphene sheets in cascaded interferometers, we proposed a picosecond optical
switching device [7]. By controlling signal amplitude, complete switching is performed with the
proposed switch architecture. In most of conventional switches, the phase of the optical signal is
controlled through refractive-index change. On the contrary, our proposed switch uses a change of
the signal amplitude instead of the phase. We proposed to use saturable absorption for controlling
the signal amplitude.

In this paper, we briefly describe the theoretical analysis of switching operation in the proposed
device. The analytical results are compared with numerical simulation by finite-difference beam-
propagation method (FD-BPM). Then, we describe experimental results for optical saturable
absorption in monolayer graphene placed vertically in optical fibers with a 1.56 um femtosecond pulse
laser. We also measured saturable absorption through a graphene loaded K™ exchanged waveguide.

We experimentally demonstrated saturable absorption of more than 10 dB modulation depth in a
graphene-loaded waveguide. Although the nonlinear absorption was observed using a single light
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Fig. 1. Switch configuration controlled by saturable absorption in vertically inserted or overlaid graphene
on the waveguides.

by varying its intensity, the experimental results proved the feasibility of signal-light control by an
intense control light, which is required in the proposed switch.

2. Optical Switch Configuration and Conditions Required for Switching

Fig. 1 shows the proposed switch architecture consisting of two Mach-Zehnder interferometers
(MZIs) connected with three asymmetric X-junction couplers. Switching can be operated by con-
trolling the amplitude of the incident signal light. In our first proposed device, optical Raman amplifiers
were employed to control the signal light, where multiple-wavelength signals can be independently
controlled by wavelength multiplexed control light [8]. Similar switching can be realized by controlling
absorption for signal light. Although wavelength-independent controllability cannot be realized,
simple device structure can be adopted. The proposed device shown in Fig. 1 employs a single sheet
of monolayer graphene loaded on the optical waveguides in the first MZI. An alternative to introduce
graphene in the waveguide is to insert multiple sheets of graphene vertically at the cross-section of
the two arms. The absorption in the graphene-introduced waveguide is controlled by the intense
control light whose polarization or wavelength differs from that of signal light. Optical input and output
waveguides for control light are shown in dotted lines. Polarization selective couplers or wavelength
selective couplers are used as the combining or separating branches denoted by dashed ellipses.
PBS denotes a polarization beam splitter used for polarization selective coupling.

We consider a model for controlling the transmittance through a graphene-introduced waveguide.
The signal light with electrical-field amplitude Ps, attenuates to be Ps oy through the vertically
inserted graphene sheets or the graphene loaded waveguide, as shown in Fig. 2(a) or (b), respec-
tively. The intense control light with electrical-field amplitude P, also attenuates to be P; oy The
attenuation of the signal light can be decreased by the intense control light due to saturable
absorption of graphene. This control of absorption can be equivalently represented by a cascade
connection of a fixed attenuator with amplitude attenuation coefficient t,, and an amplifier con-
trolled by the control light whose amplitude amplification coefficient is «. The amplification corre-
sponds to decrease of the absorption due to the saturable absorption induced by the intense control
light. These coefficients are defined by

¢ . Ps.out(Pc,in = 0)
low =—""—"p >
s,in

_ Ps,out(Pc‘in 7’é 0)
Ps,out(Pc,in = 0) .

(1)
)

Since nonlinear absorption is accompanied by phase shift ¢, we define o’ by
o = aé?. )

The transmission of the graphene inserted or loaded waveguide in arm A or B can be modeled by
an attenuator having amplitude attenuation coefficient t,,, an amplifier having amplitude
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Fig. 2. Model of optical signal light controlled by control light through saturable absorption; (a) the signal
and control lights are vertically incident in the multiple sheets of graphene, (b) the signal light is
controlled through graphene loaded waveguide, and (c) an equivalent model with a fixed attenuator and
an amplifier for signal light.

amplification coefficient of «;, and phase shift ¢;, i = A or B, respectively. A fixed attenuator with
amplitude attenuation coefficient (34, is employed in one arm of the second MZI.
The output fields Aoy and Byt of the switch shown in Fig. 1 are related to the input fields A;, and

(Aout>_(1>3(1 1)(1 o><1 1><t/owa’5 0 )(1 1><Am>
Bout) \v2) \=1 1/)\0 Bun/\ -1 1 0 towc’s ) \ =1 1)\ B
_ tiow (311 312)(Am> )
2v2\ax aw»/\Bn/)
ay = —ay + alg — Brix (g + o)

aio = 0114 + OLIB + Bix (Ot% - O/B)

a1 = oy — g — Brx(aly + o)

where

(5)

oo = 70414 — 043 + Bix (Oz;‘ — O/B)

When optical signal is incident only at one input port as A, = Ej; and Bj, = 0, Eq. (4) becomes

<Aout> _ tlowEin <a11 > (6)
Bout 2y2 \@1 /)

From this equation, we find the conditions for switching as follows:

i) When aq =1+v2, ag =1, pa=2mr, ¢5 =0, and B = 1/(1+ V2),

Aout \ (1
( Bout ) = _tlowEm (0 > . (7)

i) When aa =1, a5 =1+v2, pa=0, ¢g=2mmr, and B = 1/(1 + v2),
Aout \ (0
(Bout) = —towEin (1 ), (8)

Vol. 5, No. 5, October 2013 6602109




IEEE Photonics Journal Saturable Absorption by Monolayer Graphene

5

S I N
/N7 \

wlf \ [ e )
. \ I —Bout
|f

N T u
N/ - . !

Y] I
-0.5-04-03-02-01 0 0.1 0.2 03 04 0.5 -2 -1
Deviation of as ¢a/m (rad)

(a) (b)

wv

o

'
6,
T

e Aout

-10
-15

= Bout

Output Intensity (dB)
Output Intensity (dB)

Fig. 3. Degradation of switching performance; (a) output intensities as a function of deviation of a4 from
as =1++/2, and (b) output intensities as a function of phase shift ¢4.

where m=0,1,2,.... Therefore, amplification of the amplitude coefficient of 1+ 12 ~2.414 is
required for switching. It is noted that switching to A, or B, is operated by increasing either a4 or
ap by adding control light either in the upper arm or in the lower arm of the first MZI, respectively.
The operation principle was discussed in detail in ref. [7]. This proposed switch can be operated
over a wide wavelength range because the saturable absorption in graphene is observed in a wide
wavelength range [5] in addition to the wavelength insensitive configuration of the proposed device
[8]. This amplification coefficient corresponds to the value (1 + \/5)2 ~ 5.827 (7.65 dB) for light
intensity. Since the switch consists of attenuators alone, inevitable attenuation of t2, for the signal
intensity is accompanied. The value of attenuation depends on the optical waveguide structure and
the overlaid graphene length.

Fig. 3(a) shows the output intensities as a function of a deviation Aay of a4 from as = 1+ /2,
where ag=1 and ¢4 = ¢g=0. The extinction ratio of switching is larger than 25 dB for
—0.24 < Aas < 0.31. On the other hand, the output intensities depend on a phase shift ¢4, as
shown in Fig. 3(b). It is found that complete switching is operated at ¢4 = 0, £27. The phase shift
has to be smaller than —0.06 < ¢4/7 < 0.06 to keep the extinction ratio larger than 20 dB. It was
reported that the propagation constant changes due to saturable absorption in graphene [9], [10].
Therefore, for switching, the phase shift ¢; has to be adjusted to zero or an integer multiple of 2.
This condition can be satisfied by designing the length of the graphene loaded region and the
control light intensity because the absorption and the phase shift are expected to have different
dependence on light intensity [10]. Even for the vertically inserted graphene, phase shift is ac-
companied [10]. More detail investigation is indispensable to operate the switch more effectively.

If the phase change is large enough compared with the absorption change, a single MZI with
graphene sheets in each arm can be an alternative switch configuration as a similar manner with
electrically controlled switches or modulators. However, if the nonlinear absorption cannot be
negligible, switching becomes incomplete.

3. FD-BPM Simulation of Switching

The switching operation is numerically simulated by FD-BPM. We consider a two-dimensional slab
waveguide model. The core and cladding regions have refractive indexes of n, =1.461 and
ns = 1.45, respectively. The waveguide widths of the fundamental, narrow, and wide waveguides of
the asymmetric X-junctions are W; =3.0 um, W, =2.6 um, and W, = 3.4 um, respectively.
Optical waves are assumed to be TE mode. The lengths of the X-junction coupler and the parallel
waveguides are Ly = 16 mm and L, = 1 mm, respectively. The total length is 50 mm. The distance
of the input ports is D = 23 ym.

The switching operation at A = 1550 nm is confirmed, as shown in Fig. 4, where squared electric
fields |E|2 are plotted. In the simulation, amplification is equivalently simulated just by increasing the
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Fig. 4. BPM simulation results of switching operation with (@) v = 1,a5 =1+ v2and (b) ag = 1 + V2,
ag = 1.

TABLE 1
Comparison of optical output intensities between theoretical analysis and simulation

Control Theory Simulation

|Aout|2 |Bout|2 ‘Aout‘z |Bout|2
Arm B 0 0.1716  6.281 x 10™*  1.653 x 107!
Arm A 0.1716 0 1.689 x 10~1  6.195 x 10™*

Coupler  (Reference)
9:1 * PD,

Variable
Pulse laser M attenuator

PD; & >

A sheet of monolayer
graphene between fiber
connectors

Fig. 5. Experimental setup for nonlinear transmittance through graphene between fibers.

electric field by multiplying the coefficient «; at a plane located at the end of the graphene-loaded or
inserted waveguide. No phase shift ¢; is assumed in this simulation. The waveguides for coupling
the control light are not modeled in this simulation. In a similar manner, the attenuator is modeled by
multiplying the electric field by f,, oOr Grc. The value of t,, is assumed to be an ideal value of
1/(1 + v/2), where the optical signal does not attenuate through graphene with intense control light.
It is found from this simulation result that the switching is successfully operated. The normalized
output intensities are summarized in Table 1. Good agreement was obtained between the theo-
retical result and the simulated one.

4. Measurement of Saturable Absorption

4.1. Vertically Inserted Graphene Between Fibers

Instead of vertically inserting graphene sheets in the optical waveguides, a single sheet of
monolayer graphene transferred on an end facet of a fiber connector was used to measure non-
linear transmittance. The experimental setup for measuring nonlinear absorption is shown in Fig. 5.
A 1.56 um femtosecond laser with width of 0.4 ps at repetition rate of 41.96 MHz was used as the
laser source. The average power is 4.4 mW. The lasing spectrum is shown in Fig. 6.
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Fig. 8. Transmittance through graphene transferred on a fiber end facet.

A sheet of monolayer graphene formed by CVD on copper foil (iTRIX Corporation) was tran-
sferred on the fiber end facet. The Raman spectrum for a single graphene transferred on the fiber
end is shown in Fig. 7. This spectrum was measured at the graphene just beside the fiber instead
on the fiber cross-section to avoid nonlinear scattering along the fiber. It is found from the measured
Raman peaks that a monolayer graphene is successfully transferred on the fiber end facet.
Transmittance as a function of incident optical power is shown in Fig. 8, where the transmittance
through a fiber without graphene is also plotted. A fitted curve for the transmission T (/) with the
graphene film given by the following equation is also plotted, where I is the optical incident power:

o

1 + l/lsa[

where Iz is the saturation intensity, «g is the modulation depth, and ays is the non-saturable loss.
These parameters for the fitted curve are ls; = 3.6 mW, a9 = 0.058, and aps = 0.152. The in-
crease of transmittance through a single sheet of graphene is about 2%. Note that the transmittance

Tl =1- { n a} ©)
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Fig. 10. Raman spectrum of graphene loaded waveguide.

change through a single monolayer graphene was reported to be around 2.3% [1]. Although the
change of the transmittance due to increase of the optical power is not sufficient for application to
optical switch shown in Fig. 1, increasing the incident optical power and increasing the number of
the multiple graphene sheets are considered to satisfy the requirement for switching.

4.2. Loaded Graphene on lon-Exchanged Waveguide

Next, we measured optical saturable absorption in a monolayer-graphene-loaded waveguide.
The optical waveguide was fabricated by K* ion exchange on a soda-lime glass substrate. Optical
channel waveguide was formed by ion exchange through a 30 yum opening in an aluminum mask.
Potassium nitrate was used as the ion source, and ion exchange was carried out at 370 °C for 4 h.
The refractive index of the substrate is approximately 1.507 at A = 1.55 ym, and the index increase
by K* ion exchange is around 1 x 1072 [11], [12].

After polishing both end facets of the waveguide, a sheet of monolayer graphene was transferred
on the glass substrate surface. The length of the graphene sheet is about 7 mm. The waveguide
structure is shown in Fig. 9(a). The microscopic picture of the surface is shown in (b). A measured
near field pattern at the waveguide output for A = 1.56 pm is shown in (c). Raman spectrum of the
transferred graphene on the glass substrate was measured, as shown in Fig. 10. It is found from the
measured Raman peaks that a monolayer graphene is successfully transferred on the substrate.

The experimental setup for measuring saturable absorption is illustrated in Fig. 11. A 1.56 um
femtosecond laser was used as the laser source. The polarization-controlled laser light was
coupled into the waveguide by x20 objective lens.

Vol. 5, No. 5, October 2013 6602109



IEEE Photonics Journal Saturable Absorption by Monolayer Graphene

(For alignment)

Soupler
9:1
Variable
attenuator
PolzatriZﬁtion
controller
x15 x20 X

PD, & O e— O /
(Replaced by ~ Graphene
IR camera loaded

for alignment) Waveguide

Polarizer

* PD, (Reference)

Fig. 11. Experimental setup for measuring nonlinear absorption through a graphene loaded waveguide.

1.6E-03 45
Ll o~ s ATM
1.4E-03
g n TE u o — g aTE
S 1.2E-03 . — 40 "
£ 1.0E-03 = S
N . 5 i
2 8.0E-04 . S 85
= 60E04 S ¢ T i
I = 5k ]
O AOE04r g %30 LT T —
2.0E-04 - =
A
0.0E+00 L2 & . . . 25 : - . -
25 20 -15 -10 5 0 it 20 15 -10 5 0

Incident optical average power (dBm) Incident optical average power (dBm)

(a) (b)

Fig. 12. Measured saturable absorption; (a) total transmittance and (b) total insertion loss.

Fig. 12(a) shows the measured transmittance for TE and TM modes as a function of the incident
average power at the waveguide input. The transmittance includes coupling loss, waveguide-
propagation loss, and attenuation loss due to graphene. The calculated loss in decibel is also
shown in (b). The insertion loss reduces by more than 10 dB as the incident power increases. This
is considered to be caused by saturable absorption of graphene. This modulation depth of the
transmittance through the waveguide satisfies the requirement for optical switching. The insertion
loss in TM mode is larger than that in TE mode by about 10 dB at low optical power. The difference
reduces to about 3 dB at high optical power.

5. Conclusion

An optical switch controlled by saturable absorption of graphene vertically inserted or loaded on the
waveguide was proposed. Preliminary experiments on saturable absorption through a graphene
inserted fiber and a graphene-loaded waveguide show that the measured modulation depth of the
absorption can meet the requirement for switching.

Although the incident light intensity was changed in the preliminary experiments, a weak signal
light has to be controlled by an intense control light in the proposed switch. We will investigate
signal light control by orthogonally polarized control light or by different-wavelength control light.
Experimental verification of switching will be investigated in the future.
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