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Abstract The optical switch is a key component in photonic
integrations that plays an important role in routing the optical
signal within a photonic circuit. In this work, compact switches
were proposed and demonstrated based on the interference
of surface plasmons polaritons (SPP) on free metal surfaces
and in waveguides. Thanks to the constructive and destruc-
tive interferences implemented in strip waveguides, 2 x 2 ports
switch devices with a small footprint were achieved with a
maximum modulation depth of about 80%. Moreover, an in-
teresting composite interference was observed and analyzed
in the waveguide device, which is considered to arise from a
transmission/reflection interference and field superposition in-
terference. The samples of Bragg gratings and slits with dif-
ferent parameters were investigated in detail, which provided
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convincing evidence supporting the composite interference
model. This revealed that the mechanism would possibly inspire
new designs and instructions in nanophotonic integrations.
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Optical computing has been pursued for decades as a poten-
tial strategy in developing new information technology be-
yond the fundamental limitations of semiconductor-based
electronic devices. Thanks to the compressed wavelength,
the surface plasmon polariton (SPP), an electromagnetic
bounded wave propagating along a metal/dielectric inter-
face, is regarded as a promising carrier to downsize the
conventional optical elements and even to realize all-optics
circuits [1-3]. Among the various optical interconnects, the
compact switch is an important device in photonic integra-
tions, which enables the signal to be turned on and off by
another controller, and is fundamentally used to construct
the optical logic gates [4-6].

Here, we will first demonstrate a plasmonic switch
based on the interference of SPPs by a Bragg grating as the
beam splitter (BS) in a planar silver surface, as schemati-
cally depicted in Fig. 1b. Next, we will extend this design to
the plasmonic strip waveguides [7]. Besides the switching
functionality in a more compact manner, a new interfer-
ence mechanism is exploited, which is found to give rise to
a shifted interference compared with the planar one. Our re-
sults not only provide us with an effective plasmonic switch
with low fabrication requirement, but also reveal two kinds
of interference mechanisms within the plasmonic waveg-
uides that would possibly offer guidance in developing new
plasmonic devices.

As has been illustrated in Fig. 1b, the plasmonic switch
contains four gratings on a metal surface as couplers be-
tween the incident laser and SPPs, whose grating constant
is designed according to the SPP wavelength Agpp. A 45°
titled Bragg grating is designed located along the diagonal

line of the device, which is made of three grooves with a pe-
riod of Aspp/ﬁ for a 90° reflection of the SPP wave. With
careful design of the parameter of Bragg grating, it can al-
low for a half-to-half reflection and transmission of SPPs by
neglecting the scattering loss. In principle, this plasmonic
switch is designed on the basis of a Mach—Zehnder inter-
ferometer [8, 9]. The central BS (Bragg grating) can cause
a phase shift § between transmitted and reflected SPPs. For
a half-to-half symmetric splitter, this § is equal to /2 ac-
cording to the Degiorgio relation [10]. Defining the phase
of incident SPP in two inputs (Ports I and II) as @ and S,
we can get the phase differences between the two branches
of SPPs in two output ports (IIl and IV) as ¢; = a—B+n/2
and ¢, = a—pB-m/2, respectively. Then, the output powers
of these two ports can be deduced as,

I =1y + Ly +24/11 1 cos ¢
Iy = Dy + Iy + 24/ I 1y cOS . M

In our optical setting, the initial phase difference («—f)
between two incident SPPs can be tuned by a Babinet
compensation prism in one branch of the optical path, see
Fig. la. When a«—f = n(xr/2) (n is an odd number), ¢; and
¢, will be equal to either O (27r) and £, or vice versa. In
an ideal splitting condition, i.e. I}y = I, = I, = I, the SPP
energy in the output ports (IIl and IV) will result in com-
plete interference as maximum in one port and minimum
in the other. Therefore, we can modulate the SPP signals
in the output ports by tuning input SPP phase in port I or
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Figure 1 (a) Optical set-up for measurement of the interference
of the plasmonic switch device. (b) The schematic structure of
the plasmonic switch on a flat metal surface, where the 2x2
ports and Bragg grating are marked out. (c) Scanning electron
microscope (SEM) image of the top view of the planar switch
sample corresponding to the design of (b). (d) A further developed
compact switch based on the strip waveguides, where the Bragg
grating still exists in the center cross region (marked with a green
dashed box).

IL. In this regard, a phase tuned plasmonic switch will be
realized via the full optical interference.

In experiments, the Bragg grating BS and all coupling
gratings were fabricated on a 100-nm thick silver layer on
a quartz substrate via the focus ion beam (Strata FIB 201,
FEI company) etching. According to the wavelength of
Aspp = 610 nm (a He-Ne laser of Ay = 632.8 nm), periods
of the coupling gratings and Bragg grating are set as 610 nm
and 431 nm, respectively. The occupation ratio of coupling
gratings is set to 50% to achieve a good efficiency [11]. All
depths of the coupling gratings are 100 nm, while the Bragg
grating is set at 20 nm depth to reduce the scattering loss.
The top view of whole device is shown in Fig. 1c, where
the distance between two horizontal ports is 25 um, and the
whole device has a footprint of about 30x30 pm?. In the
next step, we further minimized the whole device by using
strip waveguides as shown in Fig. 1d. These waveguides
are expected to confine SPPs into a more compact region.
Figure 1a depicts the optical set-up for the analyses. A He-
Ne laser beam is split into two branches by a BS. A Barbinet
prism is inserted in one branch to tune the phase after a
polarization conversion by a half-wave plate (HWP). A pair
of lenses are introduced in the other branch to regulate the
focusing spot on the sample. After acombination by another
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Figure 2 (a) Detected interference at different phase tunings in
the planar switch device. Scale bar is 20 um. (b) Interference re-
sults recorded at two output ports (black and red ones correspond
to Ports Il and IV, respectively), where the symbols are recorded
data and the curves are the fitted ones.

BS, two collimated laser beams are focused to Ports I and
II of the sample by an objective (O, 50x, NA = 0.55).
Another oil-immersed objective (O,, 100x, NA = 1.25) is
used on the transmitted side to detect the leakage radiation
for the planar sample, which has been commonly used in
SPP analyses [12—14]. For these waveguide samples, the
switching effect is analyzed in reflections by O; to avoid
the influence of strong illuminations from the blank area
beside the waveguides on the transmission side.

First, we investigated the interference of SPPs in the
planar structure (see Fig. 1c). In measurements, the input
of Port II was kept fixed, while the phase of another branch
to Port I was tuned by adjusting the Babinet prism, so that
the phase delay of SPPs between Ports I and II changes. Fig-
ure 2a shows four typical states of the interference, from
which we find the Ports III and IV are selectively lightened
according to different phase tuning. To quantitatively eval-
uate the interference performance, more data were recorded
and plotted in Fig. 2b, which show good interference curves
with a modulation depth >80% (defined as (Imax — Imin)/(
Inax + Imin)). Moreover, it is clear that the intensities of
Ports III and IV oscillate almost antisynchronously, which
are in coincidence with the Degiorgio principle [10].
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Figure 3 (a) Beam splitting results from Ports | and I, showing
an almost half-to-half BS ratio. (b) Detected interference result of
waveguide switch w = 1 um on the reflection side (by objective
0O4) with respect to different phase tuning. Scale bar is 10 um.
(c) Detailed experimental results of interference of Port 11l (black)
and IV (red) for the waveguide samples (w =2, 1, and 0.8 um),
where obvious shifts are observed as the waveguide narrows
down.

Although this plasmonic switch on a flat metal surface
has shown very good performance, in a practical sense, peo-
ple are always seeking more compact devices for photonic
integration. Therefore, a waveguide-based switch is more
desirable. Figure 1d shows a 2 x 2 ports switch composed
of strip waveguides, in which the BS is shortened within a
small cross region (the green box in an area ~6 x 6 um?).
In experiments, samples with three waveguides widths (w =
2, 1, and 0.8 wm) were mainly studied. All interference re-
sults were obtained from the reflection side by the objective
of Oy, as has been explained. With a checked half-to-half
BS property of the Bragg grating in Fig. 3a, Fig. 3b shows
the switch results of the sample with w = 1 um, where
the Ports III and IV are turned on and off alternately by the
phase of Port I. By carefully analyzing the interference data
of all samples, it is found that the sample of w = 2 um is
almost as same as the planar one, showing good modula-
tion depth (~80%) and nearly antisynchronous oscillation,
as depicted in Fig. 3c. However, the interference curves for
samples of w = 1 and 0.8 um manifest an obvious shift as

the waveguide narrows down. This interference shift is re-
ally interesting, which was seldom discovered or discussed
previously. It has been demonstrated that the transmission—
reflection (T-R) interference is antisynchronous, as shown
in Fig. 2b, which would be reasonably preserved in a sym-
metric system even within waveguides [10]. However, it
seems to shift the interference to a synchronous one as the
waveguides narrow down. There must be another factor
participating in the contribution. To find out another un-
derlying mechanism, a possible way is to decrease the BS
reflection so as to suppress the T-R interference, and re-
ducing the slits of Bragg grating is a convenient means in
experiments.

Therefore, we fabricated another series of samples with
a single slit to replace the BS of the Bragg grating, as the
image shown in Fig. 4a (for the w = 1 um sample). By
adjusting the slit depth (with a fixed slit width of 100 nm),
we found 50 nm appropriate to achieve good interference.
In consequence, a large T/R ratio (~3.5) was found for
the one input case (see Fig. 4b for the w = 1 um sample)
that indicates a well-suppressed reflection. The interference
results of three samples with w = 2, 1, and 0.8 um are
depicted in Fig. 4c. As expected, in absence of reflection,
strong interferences of two outputs still occur (modulation
depth ~0.7), and they tend to oscillate synchronously as the
waveguide width decreases (see the result of w = 0.8 wm).
Additional experiments showed that further decreasing the
slit depth would dramatically weaken the interference depth
(for an extreme case, the interference disappears without the
slit). It is also the reason that we did not set the slit depth
to be the same as that in the previous Bragg grating (20
nm). According to these results, it is ready to accept that
this synchronous interference is inevitably related to the
contribution of slit in narrow strip waveguides.

A probable explanation for this is that in the narrow
strip the SPP (strip-SPP) launched from a single input port
will be remarkably transmitted through the tiny slit straight
to the output port with little reflection, and the slit-SPP can
be barely coupled due to the mismatch of the k directions.
However, when two orthogonal strip-SPPs are launched
from two input ports (e.g., I and II) simultaneously, the
slit-SPP will be efficiently coupled propagating along the
slit due to the composite k vectors. In this case, the in-
plane field component (Ey, i.e. Ex+E,) plays the major
role in superposition interference, as schematically shown
in Fig. 5a. In fact, according to the vectorial nature of the
SPP field, E;, and E, are correlated that can be unified in
the definition of slit-SPP. When E; on two slit sides oscil-
late in phase, strong antiphased normal components E, are
generated beside the slit and also propagate along the slit.
This energy will be markedly transferred to strip waveg-
uides towards two outputs (Ports III and IV), resulting in
constructive interference. On the contrary, antiphased Ej,
will be considerably inhibited inside the slit, which leads
to a destructive interference with the decreased E, on the
strip. Consequently, the slit-SPP mode should have a mode
width that depends on the interference states (see Fig. 5a).
Probably, due to the presence of the slit-SPP mode width
(Wslie-spp)» this field superposition interference would be
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Figure 4 (a) SEM image of the slit-
waveguide sample of w = 1 um.
(b) Experimental beam splitting re-
sult of this sample, showing a large
T/R ratio~3.5. (c) Interference re-
sults of Port lll (black) and IV (red)
for the slit samples (w = 2, 1,
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Figure 5 (a) Schematics of field distribution of slit-SPP mode
in the case of constructive and destructive interferences, where
the mode width of the slit-SPP are marked out. (b) Calculated
interference curves based on the composite mechanism, where
the proportion of T-R interference is set as n = 1, 0.8, 0.5, 0.35,
respectively.

and 0.8 um), where a synchronous
tendency is clearly shown as the
waveguide narrows down.

influenced by the width of the strip waveguide (w). If the
waveguide is narrow enough (e.g., W<Wglit.spp), this slit-SPP
will be uniformly transferred from the cross to waveguides
for the inphase case and gives rise to the synchronous in-
terference. When the strips get wider there would be more
reflected field beside the slit-SPP mode, which may con-
tribute to the interference besides the superposition. Then,
the T-R interference grows up and leads to a tendency to be
antisynchronous one. It is well proved by our experiments
(see Fig. 4c), and also verified by our numerical simulations
(see Supplementary Materials).

Now, with good recognition of two different kinds of
interferences, we can describe them in a combined model.
For the Bragg grating samples, although the T-R interfer-
ence has a major contribution, the field superposition inside
the slits of the grating may also have a certain amount espe-
cially in the narrow waveguides. According to the Degiorgio
relation [10], the direct transmitted and reflected field can
be defined by

T
E, =tHE | cos(wt +a), E;, =rE;cos (a)t—i—a + 5) R

(2a)

b
E) =t E;cos(wt + B), Ey = rp Es cos (a)t + B+ E) s

(2b)

where ¢ and r are the transmission and reflection coeffi-
cients, respectively. In the waveguide cases, the E field can
be decomposed into two parts: the directed transmitted and
reflected field, and that from the superposed slit-SPP. In the

© 2014 by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.lpr-journal.org

85U80| 7 SUOWLLIOD dARea.D 8|qedl|dde ays Aq peusencb aJe sapie YO ‘@S JO S9N o Aiqi 8UljUO /8|1 UO (SUORIPUOD-pUe-SWLRI W00 A3 1M ARe1q 1 BUI [UO//SANY) SUORIPUOD Pue Swie | 8u1 88s *[20z/50/0€] uo AriqiTauliuo Aeim ‘Aisienun BuilfueN Aq 00Z00ETOZ 10d|/Z00T OT/10p/W0D A8 1M Aeiq 1 euluo//Sdny Woly papeojumod ‘v ‘¥T0Z ‘6688E98T



Laser Photonics Rev. 8, No. 4 (2014)

L51

presence of these two kinds of interferences, we can define
the T-R part as a proportion of 1. Then, there would be a re-
maining proportion (1-7) involved in the field superposition
(neglecting the scattering loss for an ideal consideration).
Supposing the slit-SPP (mainly the E, part) is transferred
equally to waveguides towards two outputs (Ports III and
IV), the corresponding E field can be defined as

<
/2

Therefore, the intensities in Ports III and IV via the
composite interference can be written as

E3; = E4s = —=(1 — n)(E1 + E»). 3)

Iy « |E3|*, E5  Ey, + Es + Esy, (4a)

Iy o |E4|*, Ey & Eyy + Ey, + Euy. (4b)

In a symmetric system, setting t;, =r| =t, =r, = \/%n
and E| = E,, we can evaluate the interference behavior with
different proportions of 1. Figure 5 clearly shows a tendency
of the interference from antisynchronous to synchronous,
as 1 decreases from 1 to 0.35, which almost reproduces
the experimental results. So far, plasmonic switches based
on waveguides have been demonstrated with good perfor-
mance and compact integration. Moreover, this 2 x2 switch
device can be regarded as two combined logic gates or
operators with versatile functionalities (see Supplementary
Materials).

In summary, we have developed a series of 2 x 2
ports plasmonic switches based on the interference of
SPPs in both planar metal surface and strip waveguides.
A large modulation depth has been achieved in switching
the SPP signal by phase tuning. More importantly, besides
the switching functionality, a new composite interference
mechanism is revealed, for the first time to our knowl-
edge, which gives rise to a shifted interference depending
on the waveguide width. It would probably inspire new
modulating methods on the guided SPPs and hold the pos-
sibility for designing new types of photonic devices at the
micro/nanoscale.
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