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ABSTRACT

We theoretically investigate the properties of absorption switches for metal-dielectric-metal (MDM) plasmonic
waveguides. We show that a MDM waveguide directly coupled to a cavity filled with an active material with tunable
absorption coefficient can act as an absorption switch, in which the on/off states correspond to the absence/presence of
optical pumping. We also show that a MDM plasmonic waveguide side-coupled to a cavity filled with an active material
can operate as an absorption switch, in which the on/off states correspond to the presence/absence of pumping. For a
specific modulation depth, the side-coupled-cavity switch results in more compact designs compared to the direct-
coupled-cavity switch. Variations in the imaginary part of the refractive index of the material filling the cavity of
Ax=0.01 (Ax=0.15) result in ~60% (~99%) modulation depth. The properties of both switches can be accurately
described using transmission line theory.
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1. INTRODUCTION

Plasmonic devices, based on surface plasmons propagating at metal-dielectric interfaces, have shown the potential to
guide and manipulate light at deep subwavelength scales [1-5]. One of the main challenges in plasmonics is achieving
active control of optical signals in nanoscale plasmonic devices [2]. This challenge has motivated significant recent
activities in exploring actively-controlled plasmonic devices, such as switches and modulators [6-17]. Several different
approaches have been proposed in order to achieve active control of light in nanoscale plasmonic devices [6-17]. These
include thermally-induced changes in the refractive index [6-8], direct ultrafast optical excitation of the metal [9], as well
as the incorporation of nonlinear [10-11], electrooptic [12, 13], and gain [14] media in plasmonic devices. An alternative
approach for active control of optical signals in plasmonic devices is tuning the absorption coefficient. This has been
recently achieved experimentally through optical excitation of photochromic molecules [15] or CdSe quantum dots
(QDs) [16, 17].

In this paper, we investigate absorption switches for metal-dielectric-metal (MDM) plasmonic waveguides. Several
different nanoscale plasmonic waveguiding structures have been recently proposed, such as metallic nanowires, metallic
nanoparticle arrays, V-shaped grooves, and MDM waveguides [18-25]. Among these, MDM plasmonic waveguides,
which are the optical analogue of microwave two-conductor transmission lines [26], are of particular interest because
they support modes with deep subwavelength scale and high group velocity over a very wide range of frequencies
extending from DC to visible [27]. Thus, MDM waveguides could be potentially important in providing an interface
between conventional optics and subwavelength electronic and optoelectronic devices.

Here we first consider a switch consisting of a MDM plasmonic waveguide directly coupled to a cavity filled with an
active material whose absorption coefficient can be modified with an external control beam. We show that such a direct-
coupled-cavity structure can act as an absorption switch, in which the on/off states correspond to the absence/presence of
pumping. We also consider a switch consisting of a MDM plasmonic waveguide side-coupled to a cavity filled with an
active material. We show that the side-coupled structure can also operate as an absorption switch, in which the on/off
states correspond to the presence/absence of optical pumping. For a specific modulation depth, the side-coupled-cavity
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switch results in more compact designs, when compared with the direct-coupled-cavity switch. Variations in the
imaginary part of the refractive index of the material filling the cavity of Axk=0.01 (Ax=0.15) result in ~60% (~99%)
modulation depth. In addition, the operation wavelength range of the switch is broad. Finally, the properties of both
switches can be accurately described using the concept of characteristic impedance and transmission line theory.

The side-coupled-cavity structures, consisting of a rectangular cavity connected in series to a MDM waveguide, are
analogous to the stub resonators used in impedance matching networks and microwave filters [26]. In previous studies,
such side-coupled-cavity structures have been proposed as compact filters and impedance matching elements for
plasmonic waveguides [24, 25].

The remainder of the paper is organized as follows. In Section 2, we first briefly describe the simulation method used for
the analysis of the switch structures. The results obtained for the direct-coupled-cavity and side-coupled-cavity switch
structures are presented in Subsections 2.1 and 2.2, respectively. Finally, our conclusions are summarized in Section 3.

2. RESULTS

We use a two-dimensional finite-difference frequency-domain (FDFD) method [28] to calculate the transmission of the
absorption switches. This method allows us to directly use experimental data for the frequency-dependent dielectric
constant of metals such as silver [29], including both the real and imaginary parts, with no approximation. Perfectly
matched layer (PML) absorbing boundary conditions are used at all boundaries of the simulation domain [30]. In all
cases considered the widths of the MDM plasmonic waveguides are much smaller than the wavelength, so that only the
fundamental transverse magnetic (TM) waveguide mode is propagating.

2.1 Direct-coupled-cavity switch
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Fig. 1. (a) Schematic of a switch consisting of a silver-air-silver MDM plasmonic waveguide directly coupled to a cavity
filled with a material with refractive index »=2.02+ix. The imaginary part x of the refractive index can be modified
with an external control beam. (b) Transmission of the switch as a function of the length L of the cavity at 4p=1.55um
in the absence of pumping (x=0) calculated using FDFD. Results are shown for wy=50nm. (c) Same as (b), except that
there is pumping of the material filling the cavity («=1). (d) Modulation depth of the switch 7T(x=0)/T(x=1) as a
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function of L calculated using FDFD (dots). We also show the modulation depth calculated using transmission line
theory (solid line). All other parameters are as in (b).

We first consider a switch consisting of a silver-air-silver MDM plasmonic waveguide directly coupled to a cavity (Fig.
1(a)). The cavity is filled with a material with refractive index n=2.02+ix, corresponding to CdSe QD-doped silicon
dioxide [17]. The imaginary part x of the refractive index can be modified with an external control (pump) beam. In the
absence of pumping, the QD-doped material is transparent to infrared photons, since their energy is smaller than the QD
bandgap. In contrast, in the presence of pumping, infrared photons are absorbed by an intraband transition in the QDs
which are excited by the pump beam [16, 17]. We consider experimentally achievable values of x in the range 0<x<I
[17]. (In Ref. [17], the refractive index of CdSe QD-doped silicon dioxide was directly measured by spectroscopic
ellipsometry). Such high absorption coefficient is enabled by the large absorption cross section of CdSe QDs [16, 17]. In
Fig. 1(b) (Fig. 1(c)) we show the transmission of such a direct-coupled-cavity switch as a function of the length L of the
cavity in the absence (presence) of optical pumping. In the absence of pumping (Fig. 1(b)), the material filling the cavity
is in its transparent state (x=0), and the transmission of the structure as a function of the cavity length L exhibits typical
Fabry-Perot oscillations. We observe that at the Fabry-Perot resonant peaks, there is almost complete transmission of the
incident optical mode. In contrast, in the presence of pumping (Fig. 1(c)), the material filling the cavity is in its absorbing
state (k=1), and the transmission of the switch decreases roughly exponentially with the cavity length L. If L is long
enough, the incident optical mode is almost completely absorbed in the cavity, and there is almost no transmission. Thus,
we observe that such a direct-coupled-cavity structure can act as an absorption switch for MDM plasmonic waveguides,
in which the on/off states correspond to the absence/presence of pumping.

In Fig. 1(d) we show the modulation depth of the switch (defined as the ratio of the transmission in the on state to the
transmission in the off state 7(k=0)/T(x=1)) as a function of the cavity length L at 1o=1.55um. We observe that the
modulation depth increases with the cavity length L. The increase is almost exponential with slight oscillations
associated with the Fabry-Perot response in the on state. We also found that the modulation depth can be further
increased by decreasing the width of the cavity.

The properties of systems such as the direct-coupled-cavity switch (Fig. 1(a)), which consist of circuits of deep
subwavelength MDM plasmonic waveguides, can be described using the concept of characteristic impedance and
transmission line theory [22, 26, 31]. Based on transmission line theory, the direct-coupled-cavity switch is equivalent to
a transmission line segment of length L and characteristic impedance Z,, which is sandwiched between two semi-infinite
transmission lines with characteristic impedance Z;. The characteristic impedances Z; are given by [22]

Z.:Lw., i=1,2 (1)

1 . 1
JOE;
where o is the frequency, j=+/-1, ¢ and w; are the dielectric permittivity and width, respectively, of the dielectric

region of the MDM waveguide, and y; is the complex propagation constant of the fundamental propagating TM mode in
the MDM waveguide. Thus, for the switch of Fig. 1(a) we have &,=¢,, &,=n’,, and w,=w,=w,. Based on transmission line
theory [26], the transmission T of the direct-coupled-cavity switch can be calculated as

-2

T= (2)
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In Fig. 1(d) we show the modulation depth of the switch calculated by transmission line theory. We observe that there is
excellent agreement between the transmission line theory results and the exact results obtained using FDFD. This
agreement suggests that the concept of characteristic impedance and transmission line theory are indeed valid and useful
to describe the properties of the switch.

2.2 Side-coupled-cavity switch

We now consider a switch consisting of a silver-air-silver MDM plasmonic waveguide side-coupled to a cavity filled
with a material with tunable absorption coefficient (n=2.02+ix) (Fig. 2(a)). The properties of such a side-coupled-cavity
switch can also be described using transmission line theory and the concept of characteristic impedance. Based on
transmission line theory, the side-coupled-cavity switch is equivalent to a short-circuited transmission line resonator of
length L, propagation constant y,, and characteristic impedance Z,, which is connected in series to a transmission line
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with characteristic impedance Z; [26]. Based on this model, the transmission 7 of the side-coupled-cavity switch can be
calculated using transmission line theory [26] as
2

T= 3)

Z
1+—-tanh(y,L
27 (7,L)

1

As seen from Eq. (3), the system exhibits a resonance when £,L=(N+1/2)x, where y,=a,+jf,, and N is an integer. We
assume that the cavity length L is equal to one of the resonant lengths Ly at frequency wyand consider the response of the
-,

system for frequencies w in the vicinity of @, (‘ 0‘ <<1). In such a case, we find that Eq. (3) can be approximated

0

as
2
(a)_a)o)2 +[2ag J
T(0) = e, “)
» [ @ @,
@z [290 2@]
where
0, = @y _Z, oLy )
0 s e T s
2a,v, Z, v,
0w : : : : . : : .
and V, = % . Here Q, is the quality factor associated with the internal loss in the cavity due to the propagation loss of
2

the optical mode, and Q. is the quality factor associated with the power escape through the waveguide. We note that Eq.
(4) can also be directly derived using coupled-mode theory and first-principles calculation of the quality factors Q, and
0. [32, 33]. We observe that the on-resonance transmission is a function of the ratio r of the quality factors, i.e.

2 Z
r Q
T(w)=| — == =12 L 6
(@) (r+1j’r o, 7 2N ©)

Since both a, and Z, depend on the imaginary part x of the refractive index in the cavity, the transmission of the system
can be controlled by modifying x with an external beam.

w 5]

-104

Silver 151

Air I Wwo
Silver

-204
-25 1
-304 1
-354 (b) 1

-40 T T T T T
(a) 1400 1450 1500 1550 1600 1650 1700

Wavelength (nm)

Transmission (dB)

Fig. 2. (a) Schematic of a switch consisting of a silver-air-silver MDM plasmonic waveguide side-coupled to a cavity filled
with an absorbing material as in Fig. 1(a). (b) Transmission spectra of the switch calculated using FDFD. Results are
shown for w=50nm, L=120nm, x=0 (black curve), w=50nm, L=405nm, x=0 (red curve), w=200nm, L=175nm, x=0
(green curve), and w=50nm, L=120nm, x=0.1 (blue curve). All other parameters are as in Fig. 1(b).

In Fig. 2(b) we show the transmission spectra of the side-coupled-cavity structure for w=w;=50nm in the absence of
optical pumping (k=0) calculated using FDFD. The length of the cavity L is chosen L=120nm, so that the system exhibits
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a resonance at Aop=1.55um. The transmission spectra are characterized by a Lorentzian lineshape, as predicted by Eq. (4).
We observe that, as |w-w,| increases, the transmission increases, and, in the limit |w-w|—o0, the transmission approaches
lim T(w)

1 (\w—wo\%oc
completely transmitted. At resonance (w=w,), we observe that the transmission is less than 1% (7(w)~-23dB). When the
material filling the cavity is in its transparent state (xk=0), the propagation loss of the optical mode is only associated with
the loss in the metal. In that case, the propagation length is in the order of tens of micrometers at near-infrared
wavelengths [21], so that a,L<<1, and therefore r<<1 and T<<1 (Eq. (6)). In addition, since »<<1, the total quality factor,
defined as 0=(Q,'+0. "), is 0=0, =4.4 (Eq. (5)), and the system response is broad (Fig. 2(b)). The low quality factor

in this structure is associated with the low reflectivity at the waveguide-cavity interface due to the small impedance
mismatch.

= 1). In other words, if w is far from the resonant frequency w,, the incident waveguide mode is almost

If the stub length L increases to the second resonant length (L=405nm is chosen as before so that the system exhibits a
resonance at 4p=1.55um), more energy is stored in the resonant cavity, so that Q. increases (Eq. (5)), and therefore the on
resonance transmission also increases (Eq. (6)). We indeed observe that for L=405nm the transmission is higher than for
L=120nm in the entire frequency range (Fig. 2(b)).

If the stub width w increases (w=200nm, and L=175nm is chosen as before so that the system exhibits a resonance at
Ap=1.55um), the propagation length of the optical mode in the cavity increases, leading to higher O, (Eq. (5)). In addition,
the wider w leads to larger power escape through the waveguide, and therefore lower Q.. Hence the on resonance

transmission decreases (Eq. (6)). We indeed observe that for wider w the transmission is lower in the entire frequency
range (Fig. 2(b)).

In the presence of optical pumping, the material in the stub switches to its absorbing state. The internal loss in the cavity
increases, and therefore O, decreases, resulting in higher on-resonance transmission (Eq. (6)). We indeed observe that for
x=0.1 the on resonance transmission is significantly larger than for =0 (Fig. 2(b)). Thus, the side-coupled structure can
also operate as an absorption switch for MDM plasmonic waveguides, in which the on/off states correspond to the
presence/absence of optical pumping.
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Fig. 3. (a) Modulation depth T(x=1)/T(x=0) of the side-coupled-cavity switch (Fig. 2(a)) as a function of the stub length L
calculated using FDFD (black curve), and transmission line theory (red curve). Results are shown for w=50nm. All
other parameters are as in Fig. 2(b). (b) Magnetic field profile of the switch for L=120nm in the absence of pumping

(x=0). All other parameters are as in (a). (c) Magnetic field profile of the switch in the presence of pumping (x=1). All
other parameters are as in (b).

In Fig. 3(a) we show the modulation depth of the switch T(x=1)/7(x=0) as a function of the cavity length L at y=1.55um
calculated with FDFD. We observe that the modulation depth exhibits peaks when L is equal to one of the resonant
lengths of the stub. This is due to the fact that the transmission in the absence of pumping 7(x=0) is minimized on
resonance, as described above. We also observe that the maximum modulation depth is obtained when the cavity length
L is equal to the first resonant length. As described above, if the stub length L increases to a higher-order resonant length,
the quality factor Q. increases and leads to larger on resonance transmission. This occurs both in the presence and in the
absence of pumping, i.e. both 7(x=1) and T(x=0) increase. In the absence of pumping (x=0), we have r<<1 for the ratio r
of the quality factors, as mentioned above. Thus, based on Eq. (6), the on resonance transmission in the absence of
pumping varies roughly quadratically with 7. On the other hand, in the presence of pumping,  is much larger, and the on
resonance transmission is, therefore, less sensitive to 7 (Eq. (6)). In other words, if the stub length L increases to a higher-
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order resonant length, the on resonance transmission in the absence of pumping 7(x=0) increases more than the on
resonance transmission in the presence of pumping 7(x=1). Thus, the modulation depth 7(x=1)/T(x=0) decreases (Fig.
3(a)). In Fig. 3(a) we also show the modulation depth of the switch calculated by transmission line theory (Eq. (3)). We
again observe that there is very good agreement between the transmission line theory results and the exact results
obtained using FDFD, verifying the validity and usefulness of the transmission line theory model for the side-coupled-
cavity switch of Fig. 2(a). We note that the small difference between the transmission line theory results and the exact
results obtained using FDFD is due to the error introduced by the transmission line model in the phase of the reflection
coefficient [34, 35] at the two interfaces of the side-coupled cavity of length L. Such limitations of the transmission line
model for circuits of MDM plasmonic waveguides have been described in detail elsewhere [36].

In Figs. 3(b) and (c) we show the magnetic field profile of the side-coupled-cavity switch corresponding to the off and on
states, respectively. In the absence of pumping, corresponding to the off state, the incident optical mode is almost
completely reflected. In contrast, in the presence of pumping, corresponding to the on state, the transmission increases by
more than two orders of magnitude leading to a large modulation depth.
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Fig. 4. Modulation depth 7(x=1)/T(x=0) (black curve) and insertion loss (red curve) of the side-coupled-cavity switch (Fig.

2(a)) as a function of the stub width w. For each stub width w, the stub length L is equal to the first resonant length of
the cavity. All other parameters are as in Fig. 2(b).

In Fig. 4 we show the maximum modulation depth of the side-coupled-cavity switch as a function of the stub width w.
As mentioned above, for a given w the maximum modulation depth is achieved when the stub length L is equal to the
first resonant length. We observe that for w<300nm the maximum modulation depth increases with w. As described
above, larger w leads to both higher O, and lower Q. for the resonator. Thus, the quality factors ratio » decreases, and the
on resonance transmission decreases (Eq. (6)). This occurs both in the presence and in the absence of pumping, i.e. both
T(x=1) and T(x=0) decrease. However, as mentioned above, in the absence of pumping (x=0) the on resonance
transmission is more sensitive to . Thus, as the stub width w increases, the on resonance transmission in the absence of
pumping 7(x=0) decreases more than the on resonance transmission in the presence of pumping 7(x=1). Thus, the
modulation depth T(x=1)/T(x=0) increases with w (Fig. 4). We also observe that the modulation depth is maximized for
w=300nm. In other words, for a given pumping intensity there is a maximum achievable modulation depth for the
side-coupled-cavity structure. We found that the decrease with w of the modulation depth for w>300nm is associated
with the excitation of higher order modes in the resonator, which occurs when w becomes comparable to the wavelength.
In this regime, the transmission line model breaks down, and the system properties are no longer accurately described by

Egs. (3)-(6).

In Fig. 4 we also show the insertion loss of the side-coupled-cavity switch, defined as —10log;¢(7(x=1)), as a function of
the stub width w. As described above, for w<300nm the on resonance transmission in the presence of pumping 7(x=1)
decreases with w, and the insertion loss therefore increases (Fig. 4). For w>300nm, the insertion loss decreases with w
(Fig. 4), due to the excitation of higher order modes in the resonator, as also described above. We observe that for the
side-coupled-cavity switch there is a trade off between modulation depth and insertion loss, as the geometrical
parameters of the stub are varied. Similar trade offs are observed in electroabsorption modulators [37].
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For a specific modulation depth, the side-coupled-cavity switch results in more compact designs, when compared with
the direct-coupled-cavity switch. For example, a side-coupled-cavity structure (Fig. 2(a)) with w=50nm, L=120nm
achieves a modulation depth of ~20dB when varying the imaginary part of the refractive index from x=0 to x=1 (Fig.
3(a)). In the case of the direct-coupled-cavity structure (Fig. 1(a)), the same modulation depth is achieved for cavity
length L of ~430nm (Fig. 1(d)), i.e. the required cavity size is larger by a factor of ~3.6. We also found that for lower
modulation depths, corresponding to lower pumping power densities and lower «, the reduction in cavity size achieved
by the side-coupled-cavity switch is even more dramatic. We note that the reduction of the required active material
volume achieved by the side-coupled-cavity structure also results in reduction of the required pumping power.
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Fig. 5. Modulation depth 7(x)/T(x=0) of the side-coupled-cavity switch (Fig. 2(a)) as a function of the imaginary part x of
the refractive index. Results are shown for w=300nm, L=210nm. All other parameters are as in Fig. 2(b).

In Fig. 5, we show the modulation depth 7(x)/7T(x=0) of the side-coupled-cavity switch as a function of the imaginary
part x of the refractive index. As expected, the modulation depth increases with x. We also observe that even for a
relatively small variation in the absorption coefficient of the material filling the cavity (Ak=0.01) we can achieve a
modulation depth of ~60% (~4 dB). We note that such modulation depths have been demonstrated experimentally in
other plasmonic absorption switches [15, 17]. For a modulation depth of 99%, the required variation is Ax=0.15.
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Fig. 6. Modulation depth 7(x=1)/T(x=0) of the side-coupled-cavity switch (Fig. 2(a)) as a function of wavelength. All other
parameters are as in Fig. 5.

The side-coupled-cavity switch (Fig. 2(a)) was optimized at a single wavelength of 1y=1.55um. In Fig. 6 we show the
modulation depth of the switch as a function of wavelength. We observe that there is a large wavelength range in which
large modulation depth is achieved, i.e. the operation wavelength range of the switch is broad. More specifically, there is
a ~30nm wavelength range in which the modulation depth is within 3dB of its maximum value. In comparison, in silicon
modulators based on high-Q microring resonators the corresponding wavelength range is typically less than 1nm [38].
The broadband response of the device is due to the low quality factor Q of the resonator associated, as mentioned above,
with the low reflectivity at the waveguide-cavity interface.
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3. CONCLUSIONS

In this paper we first considered a switch consisting of a MDM plasmonic waveguide directly coupled to a cavity filled
with an active material whose absorption coefficient can be modified with an external control beam. We found that such
a direct-coupled-cavity structure can act as an absorption switch, in which the on/off states correspond to the
absence/presence of pumping. The modulation depth of the switch increases almost exponentially with the cavity length.

We next considered a switch consisting of a MDM plasmonic waveguide side-coupled to a cavity filled with an active
material. We found that the side-coupled structure can also operate as an absorption switch for MDM plasmonic
waveguides, in which the on/off states correspond to the presence/absence of optical pumping. The modulation depth of
the switch exhibits peaks when the cavity length is equal to one of the resonant lengths, and the maximum modulation
depth is achieved at the first resonant length. We also found that the modulation depth is maximized for a specific cavity
width. Variations in the imaginary part of the refractive index of the material filling the cavity of Ax=0.01 (Ax=0.15)
result in ~60% (~99%) modulation depth. In addition, for the side-coupled-cavity switch there is a trade off between
modulation depth and insertion loss, as the geometrical parameters of the stub are varied. Finally, the operation
wavelength range of the switch is broad.

We found that for a specific modulation depth, the side-coupled-cavity switch results in more compact designs, when
compared with the direct-coupled-cavity switch. The reduction in required cavity size and pumping power achieved by
the side-coupled-cavity switch is more dramatic for lower modulation depths. The properties of both switches can be
accurately described using the concept of characteristic impedance and transmission line theory.

As final remarks, for the active material considered in this paper (QD-doped silicon dioxide), the switching time of the
absorption switches is limited by the QD-exciton recombination lifetime which is on the order of 40 ns [16, 17]. In
addition, we estimate that the pumping power of the switches will be on the order of 100nW, by considering the cavity
area and the required pumping power density [16, 17]. Such low power operation is enabled by the high QD absorption
cross section [16, 17], and the nanoscale size of the device. We also note that, in addition to the active material
considered in this paper, a variety of other materials with tunable absorption coefficient can be used. These include
multiple quantum well structures typically used in electroabsorption modulators [39], heavily-doped silicon [40], and
photochromic molecules [15]. The use of heavily-doped silicon could lead to switching times of less than 1 ps [40].
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