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ABSTRACT

Plasmonic waveguiding structures have the ability to confine and propagate light over short distances, typically
less than a hundred micrometers. This short propagation length is the price that is paid for confining light to
dimensions on the order of a hundred of nanometers. With these scales in mind, several plasmonic devices can be
proposed (e.g. wavelength multiplexors) and some of them have been already demonstrated such as Y junctions
and directional couplers. Although the dimensions involved in such structures are below the diffraction limit,
large-scale optical characterization techniques, such as transmitted power, are still employed. In this contribution,
we present a characterization technique for the study of the guided modes in plasmonic gap waveguiding structures
that resolves subwavelength-scale features, as it is based on atomic force microscope and on near field scattering
optical microscope in guided detection.
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1. INTRODUCTION

Metal gap waveguides are one of the most studied plasmonic waveguides, mainly because such structures provide
the best trade-off between propagation loss and confinement of plasmon waves.! Typically, the confinement
scale in such structures is well below the diffraction limit, and the propagation length is in tens of micrometers.
Therefore, metal gap structures could lead to compact, highly integrated photonic devices.? Efforts have been
made to fabricate silicon-gold couplers using planar technology to efficiently couple optical power carried by
an optical mode from a silicon-on-insulator (SOI) waveguides into plasmonic gap waveguides.®>® As current
optical tests (i.e. optical power transmission) can not resolve subwavelength-scale dimensions, complementary
characterization techniques are needed.

Near-field scanning optical microscopy (NSOM) provides a remarkable access to the waveguiding properties
in plasmonic structures. Between aperture and apertureless NSOM configurations for the study of optical
waveguiding structures, the apertureless NSOM has been privileged mainly because it can be implemented from
existing atomic force microscopy (AFM). In addition, current AFM probes feature a typical tip radius of less than
10 nm, giving the required resolution for the investigation of photonic structures. Transmission-based apertureless
NSOM has successfully been applied for the characterization of glass® and lithium niobate waveguides,” as well as
on silicon-based structures.® This technique, which was proposed in Ref.,” measures the change in transmission
at the device output induced by the AFM probe.

Our motivation here is to demonstrate that the NSOM in a guided detection configuration is a simple yet
powerful technique for probing plasmonic devices. In order to do so, we have characterized a vertically coupled
copper plasmon gap waveguide on silicon fabricated with conventional planar microelectronic technology. We
will show the optical NSOM images acquired by the use of this technique, and we will interpret them by a simple
interference model between the plasmon mode and the scattered field induced by the sample-tip interaction.
Finally, we will compare the experimental results to finite difference time domain (FDTD) numerical simulations
of the vertically integrated coupler on Si.
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2. EXPERIMENTAL
2.1 Description and fabrication process development

A detailed description of the coupler and its principle of operation can be found in.!® Here, we present a brief
description of the coupler and its fabrication process. The structure is a vertically integrated directional coupler
with Si and Cu waveguides fabricated with standard Si technology at the CEA-Leti. We have represented the
coupler schematically in Fig. 1.

BOX

Figure 1: Vertically coupled Cu gap waveguide on Si.

As a starting material we used a standard SOI wafer in which the 220-nm-thick Si layer lays on top a 2um
buried oxide layer. Deep UV lithography was used to pattern the Si layer and reactive ion etching (RIE) was
then used to form the Si waveguide. The width of the Si waveguide was fixed to 400 nm for a singlemode
operation at a wavelength of 1550 nm. A gap of 6um in the Si waveguide has been done to ensure that the
transmitted optical power is not propagating through the Si waveguide. To facilitate the coupling with optical
fibers, tapers at the input and at the output of the waveguide have been added with a final width of 2um.
Afterwards, the waveguide was embedded in a 320-nm-thick SiOs layer and planarized with chemical mechanical
polishing (CMP). Two coplanar trenches were then photolithographically defined, partially RIE etched (70 nm),
and filled with a 50-nm-thick Cu layer. Finally, the Cu in excess was removed with CMP. At the coupling zone,
the vertical separation of the waveguides is 30 nm.

2.2 Setup for the measurement of the optical near field

Experimental data were obtained by probing the optical near field of the light propagating through the coupling
device with an AFM-based NSOM in guided detection. The setup is an arrangement of a conventional integrated
optics setup and a commercial AFM probe.
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Figure 2: Optical near field setup.

A tunable laser source is used to couple light into the device with a tapered lens single-mode polarization
maintaining fiber. A fiber polarization controller, a Polarization Beam Splitter (PBS), and a half-wave retarder
are employed to fix a state of polarization at the device input. The polarized signal (quasi-TE or quasi-TM)
is then butt-coupled into the device, and the transmitted power density is detected using a second tapered lens
SMF connected to a lock-in amplifier via an InGaAs detector. A dielectric AFM probe, set to intermittent
contact mode at frequency fj, is then used to locally perturb the optical near field of the mode. As a result,
the photodetector measures an a.c. electrical signal of frequency fy. The lock-in amplifier amplifies the signal
and then multiplies it by the lock-in reference. The product of this multiplication yields a d.c. output signal
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proportional to the component of the signal whose frequency is exactly locked to the reference frequency. The
low pass filter, which follows the multiplier, removes the components at all other frequencies increasing the
signal-to-noise ratio. The lock-in amplifier can be then locked to either fy, 2fy, or 3fy to single out the first,
second, and third components and therefore accurately measure the optical near field. At the same time, an
image representing the surface topology is obtained by monitoring the changes in the oscillation amplitude of
the probe. As the AFM probe scans the surface of the waveguide in a intermittent contact mode, the evanescent
field of the guided light is scattered away from the surface. Let us see the Fig. 3 to understand the physical
working principle of the NSOM in a guided detection configuration.
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Figure 3: Physical working principle of the NSOM in a guided detection.

If we call E the electric field injected in the waveguiding structure and we do not take into account any
possible reflected electric fields, we can confirm that the electric field after the interaction with the AFM tip is
E, = t,(2) - k(nfo)E,,, where t,(z,) is the transmission coefficient and k(nf) is the scattering coefficient that
describes the interaction sample- to-tip. If we consider the relatlonshlp between Em,t, which is the electric field
at the end of the structure, and E2, ie E.. =t (20— L) - E2, we can write E.,, = t, (z0) - k(nfo) - ta(zo — L)E]n
or:

P,.. = TYT3|K (nfo)|* P, (1)

where 77 and T5 are the intensity transmission coefficients at the input and at the output air-silicon interface
ports, P, is the input optical power, and |K(fy)|? is the square magnitude response of the probe-to-sample
interaction. During the probe scan, the optical power immediately beyond the probe is P, = P; — P..,,, where P;
is the local incident power carried by the guided mode and P,., is the power scattered by the probe. Consequently
the square magnitude response |K(n f0)|2 is thus P,/P; = 1 — P...,/P; and the overall intensity transmission

change measured at the detector is:
S [B.x L] dds
P.. 2/ [ } "

P 1 S .
! ‘// [El le} .sz‘
2 Ao
where S is a surface enclosing the probe, 7 is a unitary vector orthogonal to S, A, is the waveguide cross
section, and Z is the unitary vector along the direction of propagation. Here, we assumed that the waveguide
is singlemode at the incident wavelength and that it is invariant along the direction of propagation. Moreover,

under the hypothesis of a Vertlcal confined field and a passive probe, the relation between the Ebca(_') and the
local electric field is E(7):!!

AT = 7 (2)

/ G.(7,7) - Ac- BFE)AV, (3)

where G, denotes the Green dyadic of the system in the free space in the far-field approximation, Ae = €,,,p. —€cu,
and V is the volume enclosing the probe. As a a consequence of eq. (3) that one of the most crucial problems
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about the interpretation of NSOM measurements lies in modeling the shape of the tip (i.e the volume V)
and its optical properties (i.e the quantity €,...). We deduce that the time dependence of E_;‘m follows as
exp(jwt + ¢) exp[—jvZ(t)], where ¢(¥) is the local phase of the optical guided field over the waveguide surface
at the scanner position defined by the Cartesian coordinates (¥, Z = 0), v is the decay length along the Z axis,
and Z(t) = A+ Acos(2nfot) is the signal applied to the probe'? with an amplitude A. To conclude, a more
appropriate mathematical approach for the interpretation of the results of the optical near field measurements is
the signal processing approach.'® This consists in writing the transfer function of each path segment. However,
this will be the topic of another study based on the transfer matrix.

3. RESULTS

In this section, we display and analyze the experimental results obtained with the use of the setup for the
measurement of the optical near field. The plasmonic device is as described in the Fig. 1 for working wavelength
of 1550 nm. In addition, we analyze the modal and the propagation characteristics of the surface plasmonic
gap waveguide numerically. Indeed, the mode profiles and effective indices for this structure can not be solved
analytically, therefore we have calculated them with the finite element method and with the finite difference time
domain method implemented in the commercial software FEMsim and Fullwave both by Rsoft. Femsim was
used as a mode solver to calculate the mode distributions in the Si and Cu waveguides. The calculated mode
profiles and effective indices for the Si waveguide were used then as excitation inputs for the simulation of the
coupler with the use of fullwave. In all simulation we use 1.445 and 0.46743 + j0.445 as indices of refraction for
the SiOs and the Cu both at a wavelength of 1550nm.

3.1 Experimental results

As is known, the lateral resolution of an AFM image is determined by its step size and the radius of the probe.
Considering that the size of the smallest images we took were 10 yum by 10 pm with 512 by 512 data points, the
step size is 20 nm. The 30 um by 30um images in Fig. 4 are the first result we measured.

3.0um

Figure 4: Superposition of two AFM and two NSOM optical images of the plasmonic coupleur.

From the AFM images, the length of the plasmonic gap waveguide is 7.45 pm and the average height is 20
+ 5 nm. The gap width is 190 nm and the metal width is 520 nm. In the NSOM image, the incident field from
the input SOI waveguide is at the left side. In Fig. 5 we can see a single 30 ym by 30um image of the mode
propagation through the plasmonic gap waveguide.

3 .01.111

Figure 5: AFM and NSOM optical images of the vertically integrated plasmonic gap waveguide on Si.

A detailed image of the NSOM signal is shown in Fig. 6 where the second harmonic of detection (i.e. 2fy)
was selected. The incident field is from the left is the image.
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(a) AFM image. (b) NSOM image at 2fo.
Figure 6: Measured gap mode propagation.

A standing wave pattern, with a period A, can be observed as a result of the interference between the co- and
counter-propagative gap modes. Contrary to one should expected from plasmon propagation, the intensity of the
light in the measured optical near field is constant along the direction of propagation and no power loss is observed.
To explain this issue, we can express the losses in a waveguiding structure (P,,./P,,) in terms of the measured
NSOM signal and prove that they are almost 1. It is easy to show that P,../P,, = T1T2(1— P.../P;1) = 1 in which
the ratio P..,/P; << 1 as the the coupled optical power is larger than that of scattered power. Consequently,
P,../P, =~ T1T. Because we are only considering the transmission (i.e. the reflexion coefficients tends to zero)
T, =15, =1, P,,, = P,, and therefore no losses can be detected.

We have plotted as well the average cross-section profiles of the gap mode for the first, second, and third lock-in
amplifier harmonics to observe the influence of the detection at different demodulation references.
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Figure 7: Cross-section power density profiles.

As shown in the Fig. 7, the evanescent fields fits to exponential functions with decay lengths of 255 nm, 210
nm, and 170 nm for n = 1, 2, and 3 respectively. An exponential function is plotted only for the third harmonic.
As expected, higher harmonics allows us to measure in more detail the NSOM signal.

3.2 Mode solver calculations

The real part of the effective index and the power propagation length as a function of the gap are plotted in the
Fig. 8. Here, the power propagation length is defined as the length over which the optical power carried by the
mode decays to e ! its initial value and it is given by Loy = Ao /47S{n0se }-

As we can see, the fundamental gap mode does not experience a cutoff width over this width range. The real
part of the effective index decreases with wider gap widths and therefore becomes less confined within the gap
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Figure 8: Real part of the effective index and power propagation length as a function of the gap width.

reaching the effective index of a single Cu stripe. On the contrary, the power propagation length increases as
the gap increases reaching again that of a single Cu stripe indicating that the two waves at each metal-insulator
surface become decoupled. The field component distributions for the fundamental mode with a gap width of 190
nm is plotted in Fig. 9 as well as the power flow along the direction of propagation.
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Figure 9: Calculated gap mode profiles and z-component of the Poynting Vector.

The z-component of the electric field is well confined inside the gap with maxima power densities located
at the bottom corners. For the y-component, it is clear that there is no power density at the middle of the
gap because the power density is confined near the four corners of the gap again with maxima at the bottom
corners. As for the z-component, the power density is the lowest of all the field components. The power flow in
the direction of propagation is at the four corners of the gap and near the vertical sidewalls.
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3.3 FDTD simulations

The simulated total electric field and its z- and y-components as a function of space at a fixed value of time are
plotted in Fig. 10.
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Figure 10: Calculated gap mode profiles and z-component of the Poynting Vector.

As we can observe, the E-field power density (Fig. 10a) is highly confined to the gap and guided along
the direction of propagation z and its strength decreases as the propagation length increases. A standing wave
pattern can be seen as a result of the interference between the forward and backward gap modes. One can
also observe the exponential decrease of the plasmon grap mode intensity along the direction of propagation as
expected. For analysis, the - and y-components are plotted as well (Fig. 10b and 10c). The behavior of these
two components calculated by the FDTD method confirms the one calculated by FEM method in subsection
3.2. The phase of the x component of the electric field is plotted in Fig. 10d. The first observation to make
is that, along a cross section, the phase is constant inside the dielectric gap whereas it is variable in the metal
with a 180°change at the metal-dielectric interfaces. This changing phase is due to the spatial oscillations as
the profile was calculated as a function of space at fixed value of time. Because the spatial phase is changing
away into the Cu, the plasmon must be radiating in the direction away from the interface into the metal. The
vertical coupling from the SOI waveguide to the Cu gap waveguide is clearly seen in Fig. 10e. As we can see in
Fig. 7, the calculated profile roughly matches the measured profile. Differences can be explained first by notice
that the Si and Cu waveguides are not singlemode at 1550 nm. Indeed, from the NSOM images we observe the
intensity maxima shifting back and forth laterally as the modes propagate through the waveguides with different
effective indices. According to modal calculations, the Si waveguide supports two modes, the quasi-TEy and the
quasi-TMgg. By using these two modes as input fields in the FDTD simulation of the all structure, we observe
this mode beating throughout the Cu waveguide. The result is an asymmetrical gap mode profile matching the
shape and the contrast of the measured profile as can be seen in Fig. 11 where the normalized power for the
quasi-TEgy mode was 0.8 and 0.2 for the for the quasi-TMgg. Although this multimode behavior explains the
shape of the profile it does not explains the gap mode profile widening.

Globally, the experimental results shows a standing wave pattern that can be explained as a result of the
interference between the co- and counter-propagative plasmonic gap modes. From there, the real part of the
effective index of the fundamental mode is n.; = A/2A, where A is the spatial period. We measured n. =
1.64 £ 0.06 which is consistent with the calculated value of n., = 1.5832 + j0.01506 using FemSIM. However,
to determine coupling and propagation losses, a different NSOM configuration needs to be used such as the
heterodyne type NSOM.'? Compare to free space AFM-based NSOM typical detection, the guided detection
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Figure 11: Measured and calculated profiles with input modes as: quasi-TEgg (80%) and quasi-TMgg (20%).

configuration increase the signal-to-noise ratio as the measured optical power is confined within the waveguiding
structure and the optical fibers. The use of a digital lock-in amplifier not only allow us to amplify the optical
signal but also to observe it at different reference harmonics (nfy) and therefore measure with high resolution
the optical near field. Given that the numerical simulations were done without any scatterer placed close to the
plasmonic gap waveguide (i.e. the AFM probe), the calculated mode is more confined within the gap explaining
the size mismatch. Therefore, a scattering problem including the actual geometry of the probe need to be
investigated with the use of eq.(3). In other words, either the probe geometry needs to be carefully modeled or
the plasmonic structure that we are simulating is not accurate enough to match the measured profile. Indeed, a
copper oxide layer is likely to be formed over the copper gap waveguide thus decreasing the mode confinement.

4. CONCLUSION

To summarize, a vertically integrated plasmonic gap waveguide on Si has been characterized by an AFM-based
near field scattering optical microscope in guided detection. The setup for the measurement of the optical near
field and a sample-to-tip model have been described. After image processing, some fundamental characteristics
of the plasmonic gap waveguide were obtained.

In conclusion, the NSOM technique in guided detection is a configuration with great potential for the optical
characterization of planar plasmonic couplers and plasmonic devices. Subwavelength-scale dimensions with high
detection and high resolution can be obtained. Combining traditional optical tests (i.e. transmission fiber-
device-fiber) with this technique provides a unique way to better understand the waveguiding properties in
planar plasmonic couplers recently proposed.
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