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Abstract We demonstrate the feasibility of fabricating
thermo-optic plasmonic devices for variable optical atten-
uation and/or low-frequency (kHz) signal modulation. Re-
sults of finite-element simulations and experimental char-
acterization of prototype devices indicate that a plasmonic
device can reach specifications similar to or better than com-
mercially available thermo-optic integrated optical compo-
nents. Specifically, we have considered the insertion loss,
power consumption, footprint, polarization-dependent loss,
extinction ratio, and frequency response of the plasmonic
devices, in addition to fabrication and material-related is-
sues. The most serious fabrication challenge is to realize
metallic nanowire waveguides with a sufficiently accurate
cross-section to ensure low polarization-dependent loss at
high extinction ratios.

1 Introduction

Surface plasmon polaritons (SPPs) are often associated with
sub-wavelength confinement of light and a number of pas-
sive and active devices based on guiding of highly confined
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SPPs have been proposed [1]. It is, however, also possi-
ble to use so-called long-range surface plasmon polariton
(LRSPP) waveguides [2—4] with weaker confinement to re-
alize individual optical components that maintain compat-
ibility with current mode-size standards but can, in some
cases, have a significantly smaller footprint than their di-
electric counterparts [5, 6]. Nevertheless, several challenges
have to be overcome in order to compete with glass or
polymer-based integrated optics, mainly those of insertion
loss and polarization dependence. Other factors such as re-
sponse time, power consumption, dynamic range, scalability
and fabrication tolerances also have to be critically assessed.

In the present paper, we address these issues for plas-
monic waveguide devices designed for variable optical
attenuation and/or low-frequency modulation at telecom
wavelengths, using finite-element simulations and experi-
mental characterization.

2 Target specifications

A variable optical attenuator (VOA) attenuates the intensity
of an optical input in a controlled manner. VOAs are impor-
tant components of modern optical networks where they are
used for regulating power levels to protect receivers and pre-
vent saturation, gain flattening in wavelength division mul-
tiplexed networks, dynamic channel equalization in cross-
connected nodes, channel blanking and channel labeling for
network monitoring, etc.

As a reference component, we consider a commercially
available thermo-optic polymer-based integrated variable
optical attenuator supplied by Enablence Technologies Inc.
(previously DuPont Photonics).! According to the manufac-

Uhttp://www.enablence.com/media/pdf/enablence_ivoa_datasheet.pdf.
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Fig. 1 The calculated magnitude and direction of the electric field
of the predominantly y-polarized ED mode propagating along a
180 nm x 180 nm gold wire embedded in a dielectric cladding. The
x-polarized E('® mode is obtained by 90° rotation

turers datasheet, the packaged device has an off-state inser-
tion loss of 1.3 dB, extinction ratio of 20 dB, response time
of 3 ms, power consumption of 40 mW/channel and PDL
< 0.7 dB over the attenuation range. Although not stated in
the datasheet, it can be assumed that the devices operate on
an interferometric principle, with the actual device length
being around 10 mm [7].

3 Waveguide structure

Polarization-dependent loss (PDL) is one of the key features
of devices in the optical network where polarization gen-
erally changes randomly with time. Components based on
conventional LRSPP waveguides consisting of thin metal
stripes embedded in a homogeneous dielectric environment
only support guiding of light polarized perpendicular to the
stripe surface. Square cross-section nanowire waveguides,
however, were proposed [8] and experimentally verified [9]
to serve as polarization-independent plasmonic waveguides.
A metallic wire with a square cross-section in an uniform di-
electric environment supports long-range supermodes (com-
binations of four corner modes) with the electric field ori-
ented predominantly along the x or y directions, as shown
in Fig. 1. Following Jung et al. [10], we label these modes
E(19 and EQ-D | respectively. In practical situations, the di-
electric cladding will have a finite thickness, which may in-
fluence the plasmonic modes as discussed in Sec. 4.
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Fig. 2 Calculated coupling loss, propagation loss and fiber-to-fiber in-
sertion loss for 0.5-, 1- and 2-mm long gold nanowire waveguides in a
20 um thick cladding layer at » = 1550 nm. Similar values are obtained
for both polarizations, so only the E©D results are shown. The inser in
the top panel schematically shows the simulated device geometry

4 Insertion loss

Effective mode indices and field distributions were deter-
mined by finite-element analysis> of plasmonic waveguides
consisting of square-symmetric gold nanowires embedded
in a polymer cladding, similar to experimentally fabricated
devices [6]. Modeling was performed using a free-space
wavelength of 1550 nm. The gold nanowire (n = 0.52 +
10.71 [11]) was surrounded by a dielectric cladding (n =
1.535), bounded by air on all sides as shown in the inset
of Fig. 2. For each nanowire side length, the resulting mode
profile was used to determine the minimum end-fire cou-
pling loss by calculating the overlap with the Gaussian fiber
mode of a single-mode fiber (SMF28) having a mode-field
diameter of 10.5 um.

Propagation loss due to absorption in the metal (neglect-
ing scattering, absorption in the polymer and radiation leak-
age) was derived from the calculated effective mode indices.
The results are shown in Fig. 2 along with the insertion

2Comsol Multiphysics (RF module), http://www.comsol.com.
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loss (2 x CL + PL x length) of 0.5-, 1- and 2-mm long
straight waveguide components with 20 um cladding thick-
ness. A minimum coupling loss of 0.31 dB (corresponding
to a mode overlap of 93%) was obtained for a waveguide
having 230-nm side length. However, for this side length,
the propagation loss has an unacceptably large value of
6 dB/mm. For short waveguide sections (0.5-1 mm), the
optimum wire side length is in the range 170-190 nm. Nev-
ertheless, the lowest theoretical insertion loss for a 0.5-mm
device (around 3 dB), still exceeds our target specifications.

In order to further tailor the mode size of the plasmonic
nanowire modes, additional confinement can be provided by
modifying the cladding geometry, as described in detail in
Ref. [12]. For narrow wires in particular, the increased con-
finement from a thinner cladding substantially decreases the
coupling loss while causing only a modest increase in propa-
gation loss. Furthermore, performance can be optimized us-
ing a hybrid dielectric-plasmonic waveguide geometry with
the nanowire embedded in a square dielectric core with a
side length of about 16 um (in air). This results in a min-
imum insertion loss close to 1.4 dB for a 0.5-mm device
length. More realistically, the hybrid plasmonic-dielectric
waveguide should be embedded in a low-index polymer (e.g.
Cytop or Teflon AF) which will give a slightly different op-
timum dielectric core size.

Previously, short (1-2 mm) VOA devices with high ex-
tinction ratios have been realized [6] and we propose that
such devices can be made even shorter in order to bring in-
sertion losses down to 1-2 dB. It remains to be seen, how-
ever, how the added confinement and reduced length affect
the power consumption and achievable extinction ratio of
the VOA device.

5 Extinction mechanism

The operation of the currently investigated plasmonic VOA
makes use of the negative thermo-optic coefficient of
polymers [13]. By passing electrical current through the
waveguide core, the effective refractive index of the guided
mode is changed due to the temperature-dependent refrac-
tive index of the cladding material. The exact extinction
mechanism, however, has not previously been determined.
By simulating the heat flow in our nanowire devices (see
inset of Fig. 3) and determining the resulting temperature
and refractive index profiles, we followed the change in the
eigenmodes of the structure as heating power was increased.
The temperature dependence of the dielectric function of
gold [14] was also included in the model. As expected, the
long-range modes expand upon heating and become slightly
asymmetric due to the asymmetric cooling conditions above
and below the cladding (here, the presence of a substrate act-
ing as an effective heat sink was taken into account, while
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Fig. 3 The real part of the effective index for the E©D mode ver-
sus electrical heating power for a gold nanowire. The grey area cor-
responds to the refractive index of the cladding layer which has a
temperature-induced index gradient. The calculated temperature pro-
file (color) is shown in the inset, corresponding to a heating power of
20 mW/mm

cooling at the top surface was treated as simple heat conduc-
tion to still air). The effective refractive index of the guided
mode drops and eventually crosses into the regime corre-
sponding to freely propagating modes in the cladding which
develops a significant index gradient due to the temperature
profile.

By calculating propagation and coupling losses for an
electrically heated 180 nm x 180 nm wire, we can deter-
mine whether changes in these parameters fully account for
the extinction ratio observed in our VOA devices. The cal-
culation assumes an abrupt (non-adiabatic) coupling to the
heated section which is reasonable since the temperature
gradient along the propagation direction from heated to un-
heated sections of the waveguide only extends over a few
wavelengths. In general, the coupling loss increases with
heating power while propagation loss decreases, as shown
in Fig. 4. The combined effect, however, only amounts to a
4-6 dB extinction at 30 mW/mm heating power for 1-mm
long devices, whereas 10—15 dB are observed experimen-
tally in wires with similar dimensions [6] at the correspond-
ing power levels. We therefore conclude that scattering of
plasmons to radiative cladding modes contributes substan-
tially to the extinction. We have shown experimentally that
extinction ratios significantly higher than our target specifi-
cation can be realized, even in devices as short as 1 mm [6].

6 Fabrication issues; symmetry, adhesion layers,
hysteresis

Geometric tolerances for realizing polarization-independent
waveguides were considered in Ref. [12], where it was

@ Springer



344

T. Rosenzveig et al.

T T T T T T T T T T T T
L 0
= 4 L N
3 L i
w 3 | _
3 L O j
=2 | _— ]
£ | _— ]
S L i
o O
8 L i
0 1 1 1 . 1 1 1
25 L -
20 [ 7T ]
c = - o ]
2 E 15 | \D 4
% D o [ \D ]
S % o5 | N
ad 05 L ~0 -
0.0 L P B | B oy
0r 1mm length o
— —O— 1mm leng
_
% I —@—2mm length g/o T
= g | / i
[%)]
E | /././ ]
° ° L o
5 6+t - i
= L /O/o i
2 4 | o o _
- 1 " 1 " 1 " 1 " 1 " 1 "
0 5 10 15 20 25 30

Heating power [mW/mm]

Fig. 4 Effect of heating on coupling loss and propagation loss in
nanowire waveguides. The total insertion loss increases with heating,
but the change is considerably smaller than observed in experiment

found that a small deviation from square symmetry will re-
sult in significantly polarization-dependent propagation and
coupling loss, although the two contributions partially can-
cel out. Simulation results indicate that for 1-mm long de-
vices, the total PDL is < 0.6 dB, for up to +10% asymmetry,
which is within acceptable limits from the fabrication point
of view. Experiments show, however, that the PDL at high
extinction ratios depends much more critically on wire di-
mensions [6]. In order to meet target specifications for PDL
over the whole attenuation range, therefore, asymmetry of
the wires presumably has to be kept below 2%.

Another potential source of polarization dependence is
the presence of a thin adhesion layer, required to avoid de-
lamination of the waveguides from the polymer substrate
during the lift-off process. Adhesion layers were found to
have a substantial impact on the localization of near-field
resonances in bow-tie antennas [15] as well as for fluores-
cence enhancement in plasmonic structures [16], and the se-
lection of adhesion layer materials was shown to be critical.
Due to the high electric field concentration at the corners
of the nanowire waveguide, significant effects can also be
expected on the transmission and polarization dependence
of such waveguides. We have therefore evaluated the effect
of two commonly used adhesion materials, Cr and Ti, on

@ Springer
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Fig. 5 Calculated effect of adhesion layers on propagation loss
and polarization dependence in a 1-mm long symmetric nanowire
waveguide

the propagation loss and polarization dependence in sym-
metric nanowire waveguides, using finite-element calcula-
tions. Part of the waveguide material was replaced by the
adhesion layer material, keeping the total thickness of the
structure constant. As shown in Fig. 5, the propagation loss
for a 180 nm x 180 nm waveguide increases from below
2 dB/mm for the case with no adhesion layer, to about
3 dB/mm for the y-polarized mode when using a 3-nm layer
of Ti or Cr. The effect, however, is less pronounced for the
x-polarized mode. The PDL can be balanced, therefore, by
using a slightly asymmetric structure (width > height), at
the cost of increased overall insertion loss.

As discussed above, the time response to thermo-optical
modulation of plasmonic nanowire devices generally fol-
lows a simple model: When stepping the heating current, the
power dissipation will change instantly but the waveguide
core temperature will change in accordance with the heat
capacity and thermal resistance to the heat sink (silicon
substrate). Effectively, this is an exponential decay towards
steady-state. The time constant of this thermal time response
is in the sub-millisecond range, as shown in the following
section. However, the BCB polymer also demonstrates a
time-dependent thermo-optical memory effect (hysteresis),
where the refractive index is a function of both present and
past temperature. This effect is observed when bringing a
VOA from the off-state up to a high-extinction state and then
back (Fig. 6). The magnitude of the effect grows with the
maximum temperature and the time constant of relaxation,
back to the original starting point, is of the order of several
hours. The plasmonic VOA functionality relies on having
a negative thermo-optic coefficient. Many optical polymers
are available for realizing plasmonic VOA’s, and proper care



Optimizing performance of plasmonic devices for photonic circuits 345

- T T T T

| 1-re @ @ .

. C e o, . ]

i — i ° ]

_ = [ ]

) 1 < L ® |
Ko ) ————————

s 7] B L 65 ] 4
R E = O e0f ]

B g L o 55 * 7
£ 7 £ g >r 1
..>_<4 i @® 5 50F 4
L S g 450 ]

- o L 2 ° 4
3 g o <
T s) = 30f b
- E 25 1 1 1 1 1 1

35 N T R R U R 01| ot 2 3 4 5 o

- - Time [ms] E

0 1 2 3 4 5 6 Co | | | 4

Heating voltage [V] 10 100 1K 10k 100k

Fig. 6 Measured thermo-optical memory effect in BCB polymer.
A plasmonic VOA heated to achieve >30 dB extinction exhibits a
slowly reversible refractive index change when returned to the off-state

must be taken when selecting cladding materials to ensure
proper thermal characteristics, stability, etc.

In general, the structural quality of the metallic wave-
guides is of central importance for ensuring low polarization
dependence, low scattering loss, and long lifetime (limited
by electromigration effects, which will be the subject of a
separate publication).

7 Response time

As with other thermo-optic components, the time response
of the plasmonic VOA device discussed here is limited by
heat transfer. We performed simulations of thermal tran-
sients upon switching the device from the on-state to the
off-state. Results were compared with measurements of the
modulation of the optical signal as a function of frequency
for a fixed-amplitude square-wave driving signal. Calcula-
tions show 1-2 ms heat transients which agrees well with
the observed modulation roll-off at around 1 kHz, see Fig. 7.
Small-signal modulation up to 100 kHz is possible at re-
duced output power, making the device suitable for, e.g.,
low-frequency pilot-tone generation (for channel labeling).
Improved heat conduction from the core, e.g. through re-
duction of cladding thickness, will increase the bandwidth
of the device but the power consumption for full mod-
ulation will simultaneously increase. The optimum trade-
off will depend on the particular application of the de-
vice.

8 Conclusions

In summary, we have shown that plasmonics can play a
role in integrated optics outside the nanophotonic regime,

Modulation frequency [Hz]

Fig.7 Measured frequency response of the plasmonic nanowire atten-
uator/modulator for a fixed driving voltage amplitude (2 V). The inset
shows the simulated temperature transients in the vicinity of the wire
for a 0.5 kHz modulation, with the extent of the y-axis corresponding
to full modulation

by providing an efficient method of thermo-optic control
of guided signals. To be fully competitive with existing
technologies, however, the main fabrication challenge lies
in highly accurate patterning of metallic nanostructures.
With the current rapid improvements in nanoscale fabrica-
tion techniques and the importance of high-quality metallic
nanostructures for plasmonics in general, these challenges
might well be overcome in the near future.
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