
D4.1. Fabrication and performance evaluation of MZI and DCS 2x2 DLSPP switches 

November 7, 2011                 FP7-249135 – ©The PLATON Consortium                               Page 1 of 24 

 
ICT - Information and Communication Technologies 

 

Grant Agreement Number 249135 

 

D4.1: Fabrication and performance 
evaluation of MZI and DCS 2x2 DLSPP 

switches 
 

Due Date of Deliverable: 30/06/2011 

Actual Submission Date: 07/11/2011 

 
Revision: Final 
    
Start date of project:  January 1st 2010   Duration: 36 months 
 
Organization name of lead contractor for this deliverable:  SDU 
  
Author:   S.I. Bozhevolnyi (SDU) 

Contributors:   A. Kumar (SDU), V.S. Volkov (SDU), J. Gosciniak (SDU), S.I. 
Bozhevolnyi (SDU), K. Hassan (UB), L. Markey (UB), J.C. Weeber (UB), A.Dereux (UB), 
O. Tsilipakos (CERTH/ITI) A. Pitilakis (CERTH/ITI), E. Kriezis (CERTH/ITI), K. Vyrsokinos 
(CERTH/ITI), G. Kalfas (CERTH/ITI), S. Papaioannou (CERTH/ITI), N. Pleros (CERTH/ITI), 
D. Kalavrouziotis (ICCS/NTUA), G. Giannoulis (ICCS/NTUA), D. Apostolopoulos 
(ICCS/NTUA), H. Avramopoulos (ICCS/NTUA) 

 

 
 

Merging Plasmonic and Silicon Photonics Technology 

 towards Tb/s routing in optical interconnects 
Collaborative Project  



D4.1. Fabrication and performance evaluation of MZI and DCS 2x2 DLSPP switches 

November 7, 2011                 FP7-249135 – ©The PLATON Consortium                               Page 2 of 24 

Project Information 
PROJECT  

Project name: 
 
Project acronym: 
 
Project start date: 
 
Project duration: 
 
Contract number: 
 
Project coordinator: 
 
Instrument: 
 
Activity: 

Merging Plasmonic and Silicon Photonics Technology 
towards Tb/s routing in optical interconnects  
PLATON 
 
01/01/2010 
 
36 months 
 
249135 
 
Nikos Pleros – CERTH 
 
STREP  
 
THEME CHALLENGE 3: Components, Systems, 
Engineering  
 

DOCUMENT  

Document title: 

Document type: 

Deliverable number: 

Contractual date of delivery: 

Calendar date of delivery: 

Editor: 

Authors: 

 

 

 

Workpackage number: 

Workpackage title: 

 

Lead partner: 

Dissemination level: 

Date created: 

Updated: 

Version: 

Total number of Pages: 

Document status: 

Fabrication and performance evaluation of MZI and 
DCS 2x2 DLSPP switches 
Report 

D4.1 

30/06/2011 

07/11/2011 

S.I. Bozhevolnyi (SDU)  

A. Kumar, V.S. Volkov, J. Gosciniak, S.I. Bozhevolnyi, 

K. Hassan, L. Markey, J.C. Weeber, A.Dereux, O. 

Tsilipakos, A. Pitilakis, E. Kriezis, K. Vyrsokinos, G. 

Kalfas, S. Papaioannou, N. Pleros, D. Kalavrouziotis, 

G. Giannoulis, D. Apostolopoulos, H. Avramopoulos  

WP4 

Development and system-evaluation of plasmonic 

switching elements  

SDU 

CO 

24/08/2011 

 

Final 

24 

Final 

 



D4.1. Fabrication and performance evaluation of MZI and DCS 2x2 DLSPP switches 

November 7, 2011                 FP7-249135 – ©The PLATON Consortium                               Page 3 of 24 

TABLE OF CONTENTS 

1  EXECUTIVE SUMMARY ................................................................................................................ 4 

2  INTRODUCTION ............................................................................................................................. 5 

3  DESIGN AND DEVELOPMENT OF THE MZI 2X2 DLSPP SWITCHES .............................. 6 

3.1  DESIGN OF THE MZI 2X2 SWITCHES .................................................................................................... 6 

3.2  FABRICATION OF THE MZI 2X2 SWITCHES ....................................................................................... 10 

3.3  EXPERIMENTAL RESULTS ..................................................................................................................... 11 

4  DESIGN AND DEVELOPMENT OF THE MMI 2X2 DLSPP SWITCHES .......................... 14 

4.1  DESIGN OF THE MMI 2X2 SWITCHES ................................................................................................ 14 

4.2  FABRICATION OF THE MMI 2X2 SWITCHES ..................................................................................... 19 

4.3  EXPERIMENTAL RESULTS ..................................................................................................................... 19 

5  CONCLUSION ................................................................................................................................ 22 

ABBREVIATIONS ................................................................................................................................ 23 



D4.1. Fabrication and performance evaluation of MZI and DCS 2x2 DLSPP switches 

November 7, 2011                 FP7-249135 – ©The PLATON Consortium                               Page 4 of 24 

1 Executive Summary 

This report provides a detailed analysis of the design and first experimental results 
obtained from Dielectric Loaded Surface Plasmon Polariton Waveguide (DLSPPW) loaded 
Mach Zehnder Interferometer (MZI) and Multi Mode Interference (MMI) 2x2 Switches. 
Both of these structures are considered as possible switch solutions for the final 
PLATON’s 2x2 and 4x4 switching matrix implementations. 

The design of the MZIs was performed with the Beam Propagation Method (BPM) in 
combination with 2D finite-element based eigenmode analysis (2D-FEM) of the reference 
DLSPP waveguide. The simulation results revealed that in order to achieve a full π phase 
shift and, consequently,  optimum switching, the length of each DLSPPW loaded with 
Cyclomer polymer (Thermo Optic Coefficient (TOC) 2.9x10-4 1/0K) should be close to 
30.9µm for ∆Τ=1000K. Under the same conditions the MZI switch exhibits very 
broadband operation with more than 20dB Extinction Ratio within a 73 nm spectral 
window. 

The first experimental results on DLSPP-based MZI switching using true data signals were 
received from a hybrid Si-plasmonic asymmetric MZI (Α-ΜΖΙ) loaded with 90μm PMMA 
polymer (TOC=-1.05x10-4 1/0K) DLSPPWs. The π/2 asymmetry in the A-MZI was induced 
by widening a 7μm long DLSPPW section from 500nm to 700nm that biases naturally the 
A-MZI at the quadrature point enabling in this way higher modulation depths within the 
limited phase tuning range of the 90μm long PMMA-loaded plasmonic sections. 
Successful switching operation with true 10Gb/s NRZ PRBS 231-1 data signal has been 
obtained, revealing an Extinction Ratio (ER) of 6dB for the CROSS port and 1dB for the 
BAR port when driven by 20KHz rectangular pulses (5ns rising/fall times) of 25μs 
duration and a Vpp level of 1.36V, corresponding to an effective driving current of 30mA. 
The Bit Error Rate (BER) measurements demonstrated successful transmission during 
both ON and OFF switching states of the A-MZI with lower than 1.5dB power penalty at 
both output ports. The rise and fall times of the switched output signal were also 
measured for the first time, and were found to be lower than 3μsec and 5μsec, 
respectively, while the power consumption requirements were lower than 10mW. 

The performance of MMIs as 2x2 switching elements has been also investigated by 
means of home-made BPM simulation tools. The appropriate design for high-quality 
switching has been defined, showing that a Cyclomer-loaded MMI switch can provide 
more than 30dB ER between ON and OFF state for ∆Τ=1000Κ havoing a footprint lower 
than 100μm×10μm. The insertion losses of the MMI switch, including the Y-junction 
contributions, were calculated below 11dB.  

The first thermo-optic switching experimental results with Cyclomer-loaded MMIs are also 
reported, using a 119μm long MMI design. For a temperature variation of 600K, 
successful 2x2 thermo-optically induced switching operation was achieved yielding an ER 
higher than 7dB at 1566nm wavelength. 
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2 Introduction  

According to the work plan, this deliverable is related to WP4 objectives summarized as: 

a) To describe the results obtained from simulations regarding the optimum length of 
MZIs loaded with cyclomer DLSPPW  

b) To report the first experimental results obtained from the characterization of a 
hybrid Si-plasmonic A-MZI regarding: 

i. Extracting maximum operation speed through rise and fall switching times  

ii. Modulation Depth for BAR and CROSS ports 

iii. ER for ON and OFF state when the A-MZI is loaded with 10Gb.s NRZ traffic 

iv. BER performance for ON and OFF state of the switch  

c) To provide results regarding the optimum length of MMIs with DLSPP waveguides 
loaded with Cyclomer polymer. There results were obtained via simulations. 

d) To portray the 2x2 symmetric switching performance of an all plasmonic DMI 
loaded with Cyclomer 
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3 Design and Development of the MZI 2x2 DLSPP switches 

In this section we discuss the design aspects of MZI 2X2 DLSPP switches. Switching is 
realized by controlling the refractive index of one of the MZI arms. The refractive index 
change is induced by thermo-optic effect as a result of current flow in the gold-film and 
subsequent heating of the polymer guiding ridge. Theoretical predictions are then later 
verified by simulating the complete device with BPM. 

3.1 Design of the MZI 2x2 switches 

The MZI switching configuration is conceptually the simplest approach to a 2x2 thermo-
optic switch. The switch, Fig. 3.1, comprises, apart from the two parallel decoupled 
waveguide arms where the phase-shifting takes place, two 3 dB couplers to implement 
the input/output routing. The operation principle is the following: An impinging optical 
wave in one input-port of the input 3 dB coupler is equally divided between its two 
outputs that feed the MZI arms. When the propagation along the MZI arms accumulates 
a zero (π) relative phase-shift, then, the switch is in the CROSS (BAR) state, meaning 
that light recombines on the output-port of the output 3 dB coupler that is opposite (on 
the same side as) the component input-port. Switching is effectuated by controlling the 
refractive index of the addressable MZI arm, which in turn regulates of the phase-shift 
between the two arms. The refractive index change is induced by the thermo-optic effect, 
i.e., through current flow in the gold-film and subsequent heating of the polymer guiding 
ridge. 

 
Figure 3.1: Schematic of the 2x2 MZI switch with annotation of its structural parameters. The 
input/output 3 dB couplers (inset) are identical and symmetric along the z-axis. All other 
structure parameters are those given in Table 2.1. 

In the MZI structure, special care should be taken in the positioning of the heating-
electrode contacts (source and ground) in order to confine the heating-current flow only 
along the addressable MZI arm. If the two contacts are placed on each end of the arm, 
then gaps in the gold-film need to be used to channel the current. This practice would 
introduce losses, proportional to the length of the gaps; these are estimated to be 
negligible for 100 nm long gaps and growing up to 2 dB for a 500nm gap. A more 
favourable approach, avoiding the gold-film gaps, involves the use of more electrode-
contacts and leads to a somewhat increased footprint of the addressing circuit. In such a 
configuration, the source-contact would be placed in the middle of the addressed arm, 
and two ground-contacts on each end of it.  
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Design Aspects of the MZI Switch 

The key specification of any 2x2 switch, apart from its insertion losses (IL), is the output-
port extinction ratio (ER) attained in the CROSS and BAR states. The ER here is defined 
as the guided-power ratio between the two output-ports when only one input-port is fed. 
Positive (or negative) ER values, expressed in dB, denote a BAR (or CROSS) state. In 
symmetric switches like this MZI, (Fig. 3.1), both input/output-ports and hence switch-
states are of equal importance. Consequently, we need to define an aggregate ER in 
order to characterize the component performance, without any reference to a 
heated/unheated or BAR/CROSS state. This aggregate value, minER , is customarily 
equal the lowest (worst-case) of the two states, in absolute dB value, i.e.  

min CROSS BARER min{| ER | , | ER |}= .                             (3.1) 

The predominant parameter of the MZI switch is the arm length needed to attain a π 
phase-shift, in accordance with the thermo-optic efficiency available, quantified by the 
polymer-index change nΔ . In the context of our analysis, this index change is assumed 
uniform across the transversal cross-section and equal to the temperature-shift TΔ  
times the thermo-optic coefficient (TOC) of the material, T OCn TΔ = Δ × . It is 
intuitively understood that a compromise can be made between the component length 
and the temperature-shift employed. However, it should be kept in mind that longer 
arms correspond to higher insertion losses, something to be avoided in the inherently 
lossy plasmonic circuitry. 

Adopting a simple transfer matrix analysis and assuming ideal 3 dB couplers, reveals that 
when both MZI arms are unheated, the 2x2 switch is in the CROSS state, regardless of 
the arm length. The ER at the heated temperature-state, corresponding to the BAR 
switch-state, is given by 

2 MZI
BARER tan

2
L
Lπ

π⎛ ⎞
= ⎜ ⎟

⎝ ⎠
.                                         (3.2) 

as a function of the arm length MZIL . The characteristic length for π phase-shift Lπ  at a 
given wavelength 0λ  equals  

0

eff,(U) eff,(H)

/ 2L
n n

π
λ

=
−

,                                          (3.3) 

where U-H
eff,(U) eff,(H) effn n n− = Δ  is the effective-index difference between the unheated 

“U” and heated “H” states. In order to make Eq. (3.2) more readily usable, the 
temperature-induced shift of the effective index U-H

effnΔ  can be expressed as a function 
of the polymer material-index change nΔ . It is expected that only a fraction of the 
material-index change will be reflected onto the effective-index change. A 2D finite-
element based eigenmode analysis of the reference DLSPP waveguide, revealed a quasi-
constant scaling factor U-H

eff /nf n nΔ = Δ Δ  in the range of 0.837 0.02±  for wavelengths 
1550 50 nmm . Equation (3.2) can now be recast in a suitable form to more accurately 
estimate the MZI arm length needed for BARER → ∞  at the heated state, i.e. when 

MZIL Lπ=  
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0
MZI

/ 2
TOCn

L T
f
λ

Δ
Δ = .                                                (3.4) 

Equation (3.4) quantifies the compromise between component length and switching-
temperature, and leads to MZI 30.9 mL ≈ μ at the design wavelength and for the nominal 
thermo-optic parameters adopted. 

 

Performance Evaluation by BPM Simulations 

The predictions of the simple eigenmode-based model of the previous subsection will be 
numerically verified by simulating the complete component with a custom-built beam 
propagation method (BPM). Our fully-vectorial BPM is based on the rigorous finite-
element method (FEM), therefore accurately satisfying the boundary conditions on the 
dielectric/metal interfaces. Moreover, wide-angle multi-stepping propagation schemes 
based on Pade polynomial approximations up to (4,4) order have been used for the 
longitudinally-varying portions of the MZI switch, i.e. the input/output 3 dB couplers. The 
BPM is a highly suited choice for analyzing long axially-arranged structures that exhibit 
very small levels of back-reflections. The main advantage is that it requires only a 
fraction of the computational resources in comparison to full-wave methods, such as 3D-
FEM or the Finite-Difference Time-Domain (FDTD) method. At the same time, as the 
method applicability conditions are fully met in all components studied in this report, the 
agreement between our BPM and FEM or FDTD is excellent. 

 

Before proceeding to the finite-element BPM (FE-BPM) modelling of the entire switch, we 
focus on the design of the input/output 3 dB couplers. This task consists of appropriately 
selecting the intervening structural parameters, depicted in Fig. 3.1, in order to achieve 
equal splitting at the design wavelength, 1.55 mλ = μ . Setting values SB 10 mL = μ , 

SB 6 mD = μ  and gap 400 nmD =  leads to 900 nmpL =  for 3 dB splitting. This set of 
dimensions ensures that the fabrication resolution requirements are minimal, while also 
restricting the component footprint to low values. The total insertion losses of the 3 dB 
couplers are estimated with the FE-BPM to be below 3 dB, accounting for both 
propagation and bend losses. Finally, the bandwidth of the 3 dB couplers was numerically 
assessed, revealing that the variation of the output-port split-ratio (SR) and the phase-
difference ΔΦ  have a limited effect on the overall component performance inside the C-
band (1520-1580 nm). The transfer matrix model of the complete MZI switch predicts 
that ER>10 dB can be attained at the output of the component, if the deviation in the SR 
(ΔΦ ) of the identical 3 dB couplers from its nominal value, i.e. 0 dB (or 90o), is less 
than 0.7 dB (or 18o). These limits are satisfied by the proposed 3 dB couplers in a range 
of approximately 100nm around the central design wavelength. 

 

In the remainder we undertake the evaluation of the predictions presented in the 
previous subsection. To this end, the attained ER-sensitivity of the entire component was 
numerically calculated as a function of the MZI arm length, the temperature shift and the 
operating wavelength by means of the full-vector FE-BPM. Figures 3.2 and 3.3 illustrate 
the numerically calculated ER for the BAR (heated) state as a function of arm-length 
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MZIL  and temperature-shift TΔ , respectively. The predictions of the theoretical model 
of Equations (3.2-4) are also plotted with light dotted trend-lines that highlight the 
qualitative agreement of the two approaches, i.e. the numerical FE-BPM simulations and 
the simple eigenmode-based model. It is evident that longer components can operate at 
lower temperature shifts at the obvious expense of increased insertion losses. The 

CROSSER 43 dB≈ , attained at 0TΔ = , is practically independent of MZIL , affected 
only by the 3 dB couplers. Finally, the dispersion of ER in the vicinity of the 
telecommunication C-band is depicted in Fig. 3.4. The response of the component is very 
broadband, exhibiting an ER > 20 dB  in a 73 nm window around the central design 
wavelength; the -10 dB bandwidth is approximately 50 nm. 

 

 
 

Figure 3.2:  Numerically calculated (FE-BPM) output-port ER for the BAR (heated) state as a 
function of the MZI-arm length for three temperature shifts (ΔT=90, 100, 110 K). The light dotted 
lines correspond to the theoretically predicted ER values according to the eigenmode analysis. 
The ER of the CROSS (unheated) state, attained at ΔT=0 equals 43 dB and is practically 
independent of length. 

 

 
Figure 3.3: Numerically calculated (FE-BPM) output-port ER for the BAR (heated) state as a 
function of the temperature shift (ΔT) for three MZI-arm lengths (30.9±5 μm). The light dotted 
lines correspond to the theoretically predicted ER values. 

 



D4.1. Fabrication and performance evaluation of MZI and DCS 2x2 DLSPP switches 

November 7, 2011                 FP7-249135 – ©The PLATON Consortium                              Page 10 of 24 

 
Figure 3.4: Numerically calculated (FE-BPM) dispersion of the full MZI 2x2 switch output-port ER 
for each state. The minimum ER of the component is marked with the grey-shaded region. The 
unheated (CROSS, solid blue line) state is for ΔT=0 and the heated (BAR, dotted red line) for 
ΔT=100 K. The length of the MZI arms is 30.9 μm. 

 

The concluding remark on this component concerns its total insertion losses (IL). The 
BPM simulations indicated that the propagation losses of the longitudinally invariant MZI 
arms are very close to those predicted by the modal characteristics of the reference 
waveguide, i.e.  prop 43 mL ≈ μ  (or ~ 0.1dB / mμ ). The insertion losses of the complete 
component, including the aggregate (resistive and bend) losses of the 3 dB couplers, are 
below 9 dB and do not vary appreciably within the C-band spectral window. In order to 
further minimize insertion losses, the inner S-bent arms of the 3 dB couplers can also be 
heated to contribute to the required MZI arm length. Finally, heating applied to the 3 dB-
couplers could potentially provide a limited extent of wavelength tuning. The component 
footprint is roughly 75x10 μm2. 

 

3.2 Fabrication of the MZI 2x2 switches 

According to the 1st PLATON mask UB and AMO have fabricated both symmetric and 
asymmetric hybrid DLSPP MZIs. Both circuits comprised two 90-μm-long PMMA-loaded 
SPP waveguides of 500x600nm2 cross-section serving as the active MZI branches and 
heterointegrated on a SOI rib waveguide platform. The interferometric layout was 
completed by two Si coupler stages at the MZI input and output, interfaced with the 
plasmonic waveguide arms through a butt-coupling approach. Fig. 3.5(a) illustrates the 
mask layout of the hybrid MZIs, while Fig. 3.5(b) depicts a close zoom of the symmetric 
MZI. A detailed description of the heterointegration process and the 400x340nm2 SOI rib 
waveguide platform hosting the plasmonic elements is described in D2.3 and D2.4. The 
asymmetry in the asymmetric-MZI (A-MZI) is induced by the lower arm plasmonic 
waveguide that was modified in order to insert a default asymmetry of a close to π/2 
differential phase shift between the two A-MZI optical paths providing natural biasing at 
the quadrature point. The π/2 phase asymmetry was achieved by widening a 7μm long 
DLSPP waveguide section from 500nm to 700nm, as shown in Fig.3.5(c), exploiting the 
resulting effective index reduction for the plasmonic propagation mode. Biasing at the 
quadrature point enables higher quality modulation depths within the limited phase 
tuning range of the 90μm long PMMA-loaded plasmonic sections, which is determined by 
PMMA‟s TOC in combination with its maximum service temperature and the requirement 
for reasonable total plasmonic propagation losses. The Si couplers placed at the A-MZI 
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Figure 3.7: (a) Static Thermo-Optic Characterization of the A-MZI, (b) BAR output TO modulation, 
(c) CROSS output TO modulation and rise-fall times (inset) 

Fig. 3.7 presents experimental results obtained from the characterization of the A-MZI in 
both static and dynamic operation. For static characterization purposes, a CW at 1542nm 
was used as input signal while a DC current, connected to the metal pads of the 
structure, was used to change the switch’s state. Fig. 3.7(a) depicts the variation of the 
output power at the BAR and CROSS ports plotted against the applied current. The graph 
reveals that for an applied current range starting from 0 to 30 mA, the static extinction 
ratio of the BAR and CROSS ports was found to be 1 and 6dB respectively. The poor 
performance of the BAR port is due to the 95:5, instead of 50:50, directional couplers in 
the A-MZI.  

Fig. 3.7(b)-(c) illustrate the response of the device when operating in dynamic conditions 
driven by 20KHz rectangular pulses of 25μs duration and a Vpp level of 1.36V, 
corresponding to 30mA current. This, however does not represent the true power 
requirements of the device, since the resistance of the A-MZI was found to be 9Ω prior 
wire-bonding but increased to approximately 45Ω after getting wire-bonded. This implies 
that the real power consumption characteristics of the device for a 30mA current are 
about 9mWs. The oscilloscope traces, shown in Fig. 3.7(b) and 3.7(c) indicate 
complementary operation as well as 11%  and 62% modulation depth for the BAR and 
CROSS ports respectively. The insets in Fig.3.7(c) depict the rising and falling edge of the 
pulses at the CROSS port, revealing a 3μs rise and 4.9μs fall time.   

The performance of the switch in a realistic data switching scenario with 10Gb/s NRZ 
optical input signals and 15μs electrical pulses at 20KHz repetition rate controlling the 
device are shown in Fig. 3.8(b)-(e). Fig. 3.8(b) presents a snapshot of the signal’s trace 
exiting the CROSS port compared to the applied control pulses – red dashed line-, while 
Fig. 3.8(c) shows the corresponding trace for the BAR port. The eye diagrams of the 
CROSS and BAR output signals are shown in Fig.3.7(d) and 3(e), respectively, clearly 
illustrating an extinction ratio of 6dB for the CROSS port and 1dB for the BAR port, inline 
with the values derived from the initial static characterization. 

The transmission quality properties of the A-MZI when being in both ON and OFF states 
have been evaluated through BER measurements performed both for 10Gb/s 27-1 and 
231-1 PRBS data streams, as shown in Fig. 3.8(a). During ON-state characterization, the 
A-MZI was driven by a DC current of 30mA. Both the CROSS-port during ON and the 
BAR-port during OFF-state operation exhibit similar BER performance with lower than 
1.5dB power penalty compared to the B2B measurements.  

 

(a) (b) (c) 
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Figure 1.8: (a) (27-1) and (231-1) BER measurements for B2B, ON and OFF state, (b) 10Gb/s data 
trace at the CROSS port, (c) 10Gb/s data trace at the BAR port, (d) 10Gb/s eye diagram at the 
CROSS port, (e) 10Gb/s eye diagram  at the BAR port 

 

The most important conclusions that are drawn from this experimental 
procedure are the following: 

 Successful thermo-optic switching of DLSPP structures using true data signals has 
been presented for the first time, with BER measurements revealing the high quality 
signal integrity and data carrying credentials of the DLSPP switching element. 

 The on/off switch time characteristics of the DLSPP-on-SOI switching platform have 
been measured for the first time and were found to be 3μsec and 5μsec, 
respectively. These are the lowest that have been ever reported among DLSPP 
thermo-optic switching structures and can be further reduced by employing 
advanced switch architectural schemes, like for example the push-pull driving 
technique. 

 The power consumption was found to be lower than 10mW, confirming for the first 
time the promise of plasmonic structures for low energy active functionalities due to 
the seamless interface between electronic and optical signals. 

 The combined performance in terms of switching time / required switching energy / 
footprint outperforms respective metrics of SOI-based thermo-optic switches, where 
either μsec-scale switching with several tens of mWs or mW-switching with even 
msec-scale switching times are commonly reported. This is even more important 
when considering that this has been the first demonstration of thermo-optic DLSPP-
on-SOI switching, without employing any sophisticated techniques for either reduced 
switching times or lower energy requirements. 

 The Extinction ratio performance was found to be 6dB for the CROSS port and 1 dB 
for the BAR port and can be further improved by replacing the 95/5 input/output 
couplers with true 3dB coupling stages. 

 The concept of the Asymmetric MZI has been confirmed, providing indeed an 
asymmetric phase biasing close to π/2.  

(a) (b) (c) 

(d) (e) 
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4 Design and Development of the MMI 2x2 DLSPP switches 

This section deals with design, fabrication and experimental results for MMI 2X2 
switches. Eigenmode analysis is employed to investigate the supported modes, whose 
interference is employed for switching. The parameters obtained from analytical model 
are then verified by BPM simulations. Latest experiment results show good switching 
performance of MMIS.  

4.1 Design of the MMI 2x2 switches 

In this section we describe the design procedure for the 2x2 thermo-optically addressed 
Multi-Mode Interference Switches (MMIs) built with DLSPPW circuitry. It is well known 
that if the width of a DLSPPW exceeds a certain threshold value, then, apart from the 
fundamental mode, it will also support at least one higher order mode. The major 
transverse electric-field component, i.e. yE  for the DLSPPW of Fig. 2.1, of the 
fundamental (higher order) mode is symmetric (anti-symmetric) along the width of the 
waveguide. In such a waveguide, an excitation of both the symmetric and the anti-
symmetric mode will lead to the periodic beating between them, manifested as a 
serpentine zigzag pattern. Such structures are called multi-mode interference (MMI) 
waveguides and can also be used for routing and switching via thermo-optic control of 
the beating between the two propagating modes. The mode beating is quantified by the 
beating length ( BL ) that is given by 

0
S-A
eff

/ 2
BL

n
=

Δ

λ
,                                                  (4.1) 

where S-A
effnΔ  is the effective propagation index difference of the fundamental 

(symmetric, “S” ) and the first higher-order (anti-symmetric, “A”) mode. In the context 
of this 2x2 switching component, Fig. 4.1, if light is launched into one input port and the 
MMI-waveguide length is an even (or odd) multiple of the beating length, then, the 
device will operate in the BAR (or CROSS) state. Heating of the MMI-waveguide results in 
a change to the difference of the effective propagation indices of its two modes, and 
hence, in a change to the beating length BL .  
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Figure 4.1: Schematic of the 2x2 MMIS. The thermo-optic addressing only affects the z-invariant 
MMI waveguide. The bottom right-hand corner inset depicts the input/output Y-junction 
(combiner/splitter) design adopted; note that, apart from the tapered part of length TL , the S-
Bend waveguides’ width is also tapered along SBL , from the nominal width of 500nm to / 2TW . 
In this design, the only parameter varying between the input/output Y-junctions is TW . 

 

Eigenmode Investigation 

Naturally, the first step in the MMIS design is the eigenmode analysis of the MMI 
waveguide cross-section, aiming at the investigation of the supported modes, whose 
interference is employed for the switching. The structural parameter mainly controlling 
the performance of the proposed MMI switch, apart from the temperature-induced index 
change, is the width of the wide waveguide, MMIW . The MMI waveguide must be 
sufficiently wide to support one higher-order (anti-symmetric) DLSPP mode, but it must 
not surpass the cut-off threshold width of the third mode. Employing a finite-element 
based eigenmode solver, we calculated the effective propagation indices and propagation 
lengths of the guided-modes supported by the MMI waveguide as a function of MMIW . 
The width of the gold-film was kept constant at AuW =3μm. The results of this numerical 
investigation are presented in Fig. 4.2 where the grey-shaded region corresponds to the 
valid widths for thermo-optic switching. This is the range from the cut-off width of the 
second mode supported in the heated state up to the cut-off width of the third mode in 
the unheated state, Fig. 4.2(a). Finally, in Fig. 4.2(b), we note that the losses of the 
fundamental and the higher-order mode(s) are appreciably different. This important 
aspect of the DLSPP MMIS design will be addressed in what follows. 

 

 
                            (a)                                                   (b) 

Figure 4.2: (a) Effective index and (b) propagation length for the three first modes of the MMI 
waveguide as a function of polymer-loading width ( MMIW ). The two temperature states are the 
unheated (“U”, ∆T=0) and the heated (“Η”, ∆T=100Κ) Sample intensity distributions of the major 
transverse electric field component ( yE ) on the waveguide cross-section are displayed as insets. 
The polymer thickness is 600nm and the gold-film dimensions are fixed at 60nm×3μm. 

 

Analytical Model Description 



D4.1. Fabrication and performance evaluation of MZI and DCS 2x2 DLSPP switches 

November 7, 2011                 FP7-249135 – ©The PLATON Consortium                              Page 16 of 24 

The second step in the MMIs design is to present the analytical model, that, utilizing the 
acquired eigenmode analysis results, will be able to predict the optimal parameters in 
order to facilitate the final numerical optimization (via BPM). The most important aspect 
of the MMIs design is the thermo-optically controlled phase-match length of the beating 
modes. This is directly related to the effective index differences and the optimum 
switching length of MMI-waveguide is given by 

,(U) ,(H) 0
S-A S-A

,(U) ,(H) eff,(U) eff,(H)

/ 2B B
MMI

B B

L L
L

L L n n
= =

− Δ − Δ

λ
,                      (4.2) 

where “U” and “H” denote the unheated and heated states of the component, 
respectively. In order to theoretically achieve an infinite ER in both states (CROSS and 
BAR), we should ensure that both ,(U)BL  and ,(H)BL  are divisors of MMIL . This 
somewhat strict criterion rarely applies, so, a finite maximum of the component ER can 
be found for an MMI length in the vicinity of MMIL .  

In order to more accurately understand the component performance, it is imperative to 
investigate the effect of the propagation lengths of the beating MMI modes on the 
acquired ER. Figure 4.2(b) highlights the considerable difference in the propagation 
lengths of the symmetric and anti-symmetric modes of the structure. When both modes 
propagate along the MMI waveguide, they are subject to different losses and this 
eventually translates to a reduction in the beating observed. As a result, after a certain 
distance, one mode (the less lossy) will effectively dominate; this in turn means that 
routing will not be possible since no beating occurs, i.e. ER~0dB, independently of the 
MMI-waveguide length. It is inferred that if both modes had the same propagation losses, 
then, the beating would remain equally intense along the MMI waveguide, thus leaving 
the ER of that temperature-state unaffected. For this reason we must account for the 
propagation loss difference, quantifying it with the characteristic length 

S A
prop prop

S A
prop prop

4
L L

L
L L

Δ =
−

α ,                                            (4.3) 

that is in general different for the heated and unheated states. The penalizing effect of 
propagation loss difference diminishes as LΔα  increases.  

The last aspect to be investigated is the effect of the input/output Y-junctions of the 
MMIs, Fig. 4.1. Our analytical model predicts that the optimal excitation ratios of the 
input and/or output Y-junctions of the MMI switch should not be set to trivial values, e.g. 
1:1, since they can be used to counteract the penalizing effect of propagation loss 
difference, effectively optimizing the overall component performance. For example, the 
input excitation ratio, S/ AR , could imbalance the power ratio of the interfering MMI 
modes (favoring the lossiest one) so as to attain a power equilibrium at the MMI-
waveguide length of z= MMIL  where additionally the phase-mismatch is maximal. In our 
approach, we have chosen for simplicity, and without loss of generality, to set the output 
Y-junction to a power excitation ratio equal to unity and subsequently optimize the input 
Y-junction ratio, S/ AR , by tailoring its structural dimensions. The optimal value 
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suggested by the analytical model is found by averaging the propagation loss difference 
of the unheated and heated states: 

in,opt
S/ A

,(U) ,(H)

1 1exp 2 MMIR L
L LΔ Δ

⎡ ⎤⎛ ⎞
⎢ ⎥⎜ ⎟= +

⎜ ⎟⎢ ⎥⎝ ⎠⎣ ⎦α α
.                             (4.4) 

It is inferred that if the characteristic lengths LΔα  of the unheated and heated states 
have a negligible difference, then, the MMIS can attain a theoretically infinite ER for a 
length in the vicinity of MMIL  and for appropriately engineered Y-junctions. 

Applying the analytical model outlined to the eigenmode analysis results of Fig. 4.2, we 
observed that the optimum (smallest) MMIL  values are close to the lower allowed 
polymer-widths, and increase monotonically as the width increases. Based on this 
remark, and in order to minimize the component length and hence the insertion losses, 
we propose a MMI width as close as possible to the cut-off of the second-order mode, 
allowing, of course, for a safety-margin. A MMIW =800nm is finally adopted leading to 

MMIL ~58.3μm. Additionally, at this MMIW , the difference of the propagation lengths of 
the beating modes, Fig. 4.2(b), is almost the same for the two temperature states, 
meaning that we can theoretically achieve a very high ER, at both the unheated and 
heated state, utilizing appropriate Y-junction designs. 

 

Performance Evaluation by BPM Simulations 

In order to validate the prediction of this analytical model, a series of numerical 
simulations were conducted, using our custom-built Finite-Element Beam Propagation 
Method (FE-BPM). It is important to note that when using the BPM for the simulation of 
waveguide components where the supported modes have differences in their effective 
propagation indices, special care should be taken in the choice of the reference refractive 
index of the method in order to balance the unavoidable numerical dissipation. This is of 
crucial importance in the context of the MMI switch studied in this work, where the 
relative magnitude of the beating modes greatly affects the component performance. 

Firstly, the input/output Y-junctions were designed by means of our FE-BPM for an 
optimum excitation ratio. Based on the analytical modeling discussed earlier, in

S/ AR =2.1 
and out

S/ AR =1 are targeted. The FE-BPM simulations conducted towards this goal, 
consisted of exciting one input port of the input Y-junction with the fundamental mode of 
the reference DLSPP waveguide, propagating up to the output-port, and finally, 
calculating the (power) vector-overlap-integral ratio of the output field with the TM00 and 
TE00 mode of the MMI. Only the input Y-junction was parametrically investigated with the 
FE-BPM since the output Y-junction parameters can be deduced from reciprocity 
considerations. The resulting structural parameters of the input/output Y-junctions, as 
depicted in Fig. 4.1 are: SBD =6μm, SBL =10μm, TL =10μm leading to in

TW =1.05μm 
and out

TW =1.30μm. Note that in our design the input/output Y-junctions contain tapered 
waveguides in both the dual S-bend and straight sections; this aims to reduce the 
junction radiation losses while attaining the targeted S/ AR .  

Subsequently, the entire component, i.e. the concatenation of the Y-combiner, the MMI-
waveguide and the Y-splitter was simulated with the FE-BPM. In these simulations only 
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the straight (non-tapered) MMI-waveguide is heated during the switching, and the 
developed refractive index change is assumed uniform across the polymer in the xy-
plane. The numerically calculated output port ER, expressed as a function of the MMI-
waveguide length, temperature-shift and operating wavelength, is displayed in Figures 
4.3, 4.4 and 4.5, respectively. 

 

Figure 4.3: Numerically calculated (FE-BPM) output-port ER as a function of the MMI waveguide 
length. The MMI width is 800nm and the optimized input/output Y-junction parameters are 
defined in the text. An ERmin ~30dB is attained at optL =57.9μm. 

 

 

Figure 4.4: Numerically calculated (FE-BPM) output-port ER as a function of temperature-shift 
(∆Τ). Three MMI waveguide lengths in the vicinity of the optimal value optL  =57.9μm are 
considered. 

 

 

Figure 4.5: Numerically calculated (FE-BPM) spectral response of the MMI switch at the optimal 
MMI length of optL =57.9μm. The component bandwidth where ERmin>10dB is approximately 
43nm. 
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In Fig. 4.3 we notice the features predicted by the analytical model, i.e. the maximization 
of ERmin near the characteristic length MMIL , the optimum length being 57.9μm where 

we attain an ER~30dB. The respective values predicted by the analytical eigenmode-
based model are reasonably close to the FE-BPM ones, thus confirming the model's 
usefulness. For this MMI-waveguide length, the BAR (CROSS) switch-state corresponds 
to the unheated (heated) temperature-state. Figure 4.4 presents the temperature-
sensitivity of the component, where we note that small deviations from the optimum MMI 
length can lead to performance degradation in one of the two switch-states (CROSS or 
BAR). The other switch-state does not suffer irreparably since an optimal temperature-
shift value (∆Τ) can always be found inside the operating range, 0-100K. Finally, the 
spectral response is presented in Fig. 4.5 indicating a bandwidth of 43nm (or 13nm) for 
ERmin>10dB (or 20dB); the -10dB bandwidth is approximately 11nm. It is easily inferred 
that an offset from the optimal MMI-waveguide length translates to a proportional shift of 
the wavelength where the component performance is (locally) optimal. Our FE-BPM 
simulations revealed a ±25nm-shift in the optimum wavelength for a m 0.5μm-shift from 
the optimum MMI-waveguide length. 

The insertion losses of the MMI switch, including the Y-junction contributions, are below 
11dB and the component footprint is roughly 100μm×10μm. Both these values could be 
further reduced for other designs of the input/output Y-junctions; however, only small 
improvements are anticipated. 

  

4.2 Fabrication of the MMI 2x2 switches 

The samples were fabricated at UB by Electron Beam Lithography applied on a 
cycloaliphatic acrylate polymer layer (thickness ~540nm) spin-coated onto a gold strip 
(surface 3X15mm2, thickness of 60nm) deposited onto a clean glass slide. Prior to the 
electron beam exposure, the polymer exhibits a high TOC of ~-2.9 10-4 K-1 (extracted 
from ellipsometry measurements reported in D2.3) and a refractive index of 1.53 at 
telecom wavelengths (1500-1600nm). Details of cyclomer based DLSPPW fabrication are 
already included in D3.1.  

 

4.3 Experimental results  

In this section, we present experimental demonstration of an efficient thermo-optic 
DLSPP 2x2 switch relying on the MMI layout. Switching extinction ratios of 7dB are 
measured for a compact 119 µm-long device.  

The 2x2 switching configuration studied in this work is schematically presented in Fig. 4.5 
(a) along with a Scanning Electron Microscope image (Fig. 4.5(b)) of a typical switch.  
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Figure 4.5: (a) Schematic view of the MMI switch input. (b) Scanning Electron Microscope image 
of a typical DLSPPW MMI switch made of cycloaliphatic acrylate polymer lying on a thin gold film. 
(c) Leakage Radiation Microscope (LRM) image of MMI switch at room temperature for a free-
space wavelength of 1566 nm.  

As discussed in section 4.1, if the MMI waveguide length is an even (or odd) multiple of 
the beating length, then the switch will operate in the BAR (CROSS) state. Figure 1 (c) 
shows a LRM image of beating pattern (period ~3µm) in the cool (room temperature) 
state for the free-space wavelength of 1566 nm. The input beam is focused on the 
bottom-left input port and exits through the upper port meaning that the switch is in the 
CROSS state.  
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Figure 4.6: (a) LRM image (1566nm) of the device output at the cold state. (b) Same as (a) in 
the hot state (c) Experimentally measured transmission spectra at the two MMI switch output 
ports, for the cold and hot states. 

 
The Leakage Radiation Microscopy (LRM) images of the output ports of the device are 
displayed in Figs. 4.6 (a) and (b), for the cool and hot state respectively. In this 
experiment, the hot state is obtained by flowing a 400mA DC current through the gold 
film (cross-section 3000×0.06 μm2). Such a current corresponds to a polymer 
temperature of approximately 350K (∆T  60 ± 50C compared to room temperature) as 
obtained from a micro shielded thermocouple placed in contact with the metal film at a 
distance of a few millimeters from the waveguides. At a given wavelength, the input and 
output levels are obtained by integrating the intensity of the corresponding LRM image 
over areas of interest located respectively at the input and the output ports. By sweeping 
the incident wavelength from 1500 to 1600nm and by normalizing the output signal by 
the input one, the transmission spectra plotted on Fig. 4.6 (c) have been obtained. For 
both temperature states, differences between the highest and the lowest transmission 
levels largest than −20dB are achievable. The insertion losses, for both temperature 
states, are lower than -10dB for a device with a total length of up to 150 µm. Compared 
to a straight single-mode waveguide of same length where an attenuation of at least 
−15dB is expected, the damping along the MMI region is rather moderate. This is due to 
the fact that in the MMI waveguide the guided power is unevenly splitted between the 
two supported modes, and the second-order mode of the MMI (TE00) has lower 
propagation-losses compared to the fundamental DLSPPW mode (TM00). For a symmetric 
2×2 switch operation, the switch extinction ratio (ER) (i.e. the ratio between the 
transmission levels when switching from the cool to the hot state) on each output ports 
should be of same magnitude and of opposite sign. This situation occurs in our case at 
1566nm leading to an ER around 7dB (see vertical line in 4.6(c)). 
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5 Conclusion 

In this deliverable, we have reported both theoretical and experimental results regarding 
2x2 switching functionality obtained from MZIs and MMIs with DLSPP waveguides. The 
numerical simulations revealed that an all plasmonic MZI can achieve optimum switching 
with 30.9µm length DLPSSWs loaded with Cyclomer polymer. The expected performance 
reaches 20dB Extinction Ratio in a 73 nm window. 

The first experimental results were received from a hybrid Si-plasmonic asymmetric MZI 
(Α-ΜΖΙ) loaded with 90μm length PMMA polymer DLSPPWs. The A-MZI was biased 
naturally to the quadrature point of operation by inducing a π/2 between the two MZI 
branches. Due to a miscalculation the Si couplers were 95:5 instead of 50:50 limiting the 
operation of the device only as ON/OFF switch. However this device demonstrated 
successful ON/OFF modulation with 11% and 62% modulation depth at the BAR and 
CROSS ports respectively when driven with 25μs duration electrical pulses at 20KHz 
(Vpp=1.36V at 30mA). The rise and fall times where measured also 3μs and 4.9μs, 
respectively at the CROSS port. In operation with 10Gb/s 2^31-1 NRZ pulses the ER at 
the output of the switch was calculated through the eye diagrams 6dB for the CROSS 
port and 1dB for the BAR port.  

The MMIs were investigated initially with the BPM method. For an MMI loaded with 
Cyclomer and ∆Τ=1000Κ temperature variation the optimum length was calculated 
57.9μm for 2x2 operation of the switch with 30dB ER for single wavelength operation, 
20dB ER for 13nm and 10dB for 43nm wavelength range. The insertion losses of such an 
MMI were estimated 11dB and the footprint 100μm×10μm. 

The MMIs were evaluated experimentally with all plasmonic device loaded with Cyclomer 
polymer. The dimensions of the MMI were 119μm length by 800nm width. When it was 
driven by 400mA current at the gold layer, a temperature variation of ∆Τ=600Κ was 
measured and the ER at 1556nm was calculated 7dB in symmetric 2x2 operation. In 1x2 
operation, differences between the highest and the lowest transmission levels largest 
than −20dB were obtained. 

The next development steps incorporate the fabrication of the hybrid Si-plasmonic MZIs 
and MMIs loaded with Cyclomer polymer, task that is currently in progress.  
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Abbreviations 
 

DLSPPW Dielectric Loaded Surface Plasmon Polariton Waveguide  

MZI Mach Zehnder Interferometer 

MMI  Multi Mode Interference 

BPM Beam Propagation Method 

2D-FEM 2D finite-element based eigenmode analysis 

TOC Thermo Optic Coefficient  

A-MZI asymmetric MZI  

ER Extinction Ratio 

BER Bit Error Rate 

IL Insertion Losses  

Lπ Characteristic length for π phase-shift 

FDTD Finite-Difference Time-Domain  

FE-BPM Finite-Element BPM  

SR Split-Ratio 

PRBS Pseudo-Random-Bit-Sequence  

PRBS Erbium-Doped-Fiber-Amplifier  

LB Beating Length  

LRM Leakage Radiation Microscopy  
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