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Abstract: Single-crystalline gold films show superior plasmonic properties compared to their
poly-crystalline counterparts. However, this advantage comes at the cost of a more complex
preparation process. It is thus crucial to validate whether the impact of the material quality
on the performance of the respective plasmonic device justifies this additional effort. In order
to address this question for the case of plasmonic slot waveguides, we present interferometric
near-field measurements at telecommunication wavelengths on slot waveguides in single- and
poly-crystalline gold films. We observe significantly larger propagation lengths in the case of
single-crystalline gold films for slot widths below 100 nm. In contrast for larger widths, both
gold films give rise to comparable propagation lengths.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Plasmonic waveguides can support guided surface plasmon polaritons (SPPs) with deep-
subwavelength mode cross-sections [1]. This feature distinguishes plasmonic waveguides
for applications in which the tight lateral confinement of the electromagnetic energy is paramount.
For instance, the possibility to undercut the diffraction limit imposed on dielectric waveguides
makes their plasmonic counterparts attractive for integrated nanophotonic circuits. In this context,
a number of components based on plasmonic waveguides have been recently demonstrated, e.g.,
nanolasers [2], modulators [3], directional couplers [4,5] and nanodetectors [S]. Plasmonic
waveguides are also a promising platform for nanoscale quantum optics. Here, one exploits the
enhancement of the local electromagnetic density of states provided by plasmonic waveguides
[6-8].

In recent years, a wide range of different plasmonic waveguide geometries have been proposed
and studied experimentally, e.g., metal nano-wires [8—11], metal stripes [12,13], arrays of metallic
nano-particles [14,15], wedges [16], and v-shaped grooves in metal films [17,18]. One of the
most promising configurations with respect to the implementation of planar, on-chip-compatible
integrated nanophotonic circuits and opto-electrical interconnects is the plasmonic slot waveguide
(PSW) [19,20] or the closely related two-wire transmission line [21]. The PSW comprises a
narrow, rectangular slot in a thin metal film [3,4,22] and its fundamental SPP mode is strongly
confined to the slot region (see Fig. 1(a) for a schematic representation of a PSW and (b) for
the calculated SPP mode profile). As a very promising application, a quantum emitter can be
deposited in the slot region. Due to the huge optical density of states resulting from the extreme
mode confinement, the quantum emitter can couple to the guided SPP mode very efficiently
[23,24].

Scanning near-field optical microscopy (SNOM) has become an indispensable tool to study the
near-field of plasmonic nanostructures [25-29]. In particular, scattering-type SNOM (s-SNOM)
in combination with pseudoheterodyne detection is a versatile technique for the characterization

#384629 https://doi.org/10.1364/OE.384629
Journal © 2020 Received 29 Nov 2019; revised 27 Jan 2020; accepted 11 Mar 2020; published 16 Apr 2020


https://orcid.org/0000-0002-1028-9528
https://doi.org/10.1364/OA_License_v1
https://crossmark.crossref.org/dialog/?doi=10.1364/OE.384629&amp;domain=pdf&amp;date_stamp=2020-04-16

Research Article Vol. 28, No. 9/27 April 2020/ Optics Express 12999 |

Optics EXPRESS i \

(@) 1
< Air 5
IA.y }/ =

: -l S = Au =
Sio, 0

Fig. 1. (a) Schematic representation of a plasmonic slot waveguide. (b) Calculated intensity
distribution of the guided plasmonic mode. The black arrows indicate the orientation of the
transverse electric field component.

of plasmonic waveguides [9,13,30-33] as it allows to measure the amplitude and phase of the
waveguide mode from which one can infer its effective index n as well as its propagation length
L. For instance, this technique has been applied to investigate the modes supported by plasmonic
strip waveguides [13] and to study the coupling of free space radiation to the PSW mode by
different dipole antenna couplers [31].

A handicap of many plasmonic waveguides that goes hand in hand with the tight transversal
field confinement is the limited mode propagation length. Typical experimental values range
between several microns and tens of microns at optical frequencies. A significant contribution to
the damping of the guided SPP modes can be attributed to Ohmic losses inside the metal. Other
possible loss channels are connected with optical scattering from fabrication imperfections and
leakage radiation into the substrate. A possible solution to overcome the limitations resulting from
the rather short propagation lengths is to interface plasmonic waveguides with low-loss dielectric
waveguides [7,33]. Another approach to optimize the performance of plasmonic waveguides and
plasmonic nanostructures in general is to improve the structural and intrinsic material quality
of the utilized metallic film. It has been proposed and tested by Huang et al. in 2010 that the
use of chemically synthesized single-crystalline gold flakes in combination with focused ion
beam milling results in plasmonic nanostructures of superior quality compared to structures
fabricated on thermally evaporated gold films [34]. This eliminates grain boundary scattering as
an important plasmon loss mechanism [35]. It has been shown in several experiments that the
use of single-crystalline metallic nanostructures can improve their linear and nonlinear optical
properties [21,23,36,37].

The preparation of suitable single-crystalline gold films involves considerably higher exper-
imental effort compared to the evaporation of poly-crystalline gold films. For instance, the
chemical synthesis of the single-crystalline flakes is time consuming and critically dependent
on the experimental conditions and quality of the applied chemicals. Additionally the yield of
flakes, which are actually usable for further processing through focused ion beam milling i.e.
flakes that have the desired thickness and sufficient lateral size, is rather low. The selection of
the flakes in order to match these requirements is another time consuming step, since it involves
characterization by optical microscopy and atomic force microscopy. This may raise the question
if the fabrication of single-crystalline plasmonic structures is always profitable, i.e. if the impact
of the material quality on the performance of plasmonic devices justifies the additional effort.
Surprisingly, quantitative comparisons of SPP propagation length between single-crystalline and
poly-crystalline films are rarely present in the literature [35,38,39]. To the best of our knowledge,
the only quantitative comparison for guided plasmon polaritons is available for silver nanowires
[40,41]. Our work addresses this issue and provides the first direct comparison of PSWs in
single-crystalline and poly-crystalline gold films via interferometric near-field characterization.
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We investigate PSWs with variable gap sizes down to 50 nm utilizing s-SNOM in transmission
mode configuration. This approach allows us identifying two regimes with different dominant
loss channels. In the first regime of very small gap sizes, the Ohmic losses are dominant and
the material quality has a significant impact on the mode propagation length. In contrast, for
large gap sizes, where the waveguide mode exhibits a lower field confinement, the material
quality has almost no influence on the mode propagation length. Our experimental findings are
in quantitative agreement with numerical tree-dimensional (3D) finite element calculations.

2. Samples and experiment

The single-crystalline gold films are fabricated by chemical synthesis in solution [42]. A mixture
of 40 pl of a 0.5 molar aqueous solution of chloroauric acid HAuCly and 20 ml ethylene glycol is
filled into a polypropylene tube. A glass coverslip is immersed into the solution and the tube is
heated up to 90 °C in an oven for 20 h. Gold atoms released in a three-step chemical reaction
can form single-crystalline gold flakes of varying heights and lateral sizes on the glass coverslip.
Typically, flakes with large lateral dimensions of several tens up to 100 um exhibit a thickness of
a few tens of nanometers, whereas flakes with lateral sizes smaller than 10 um are often thicker
than 100 nm (see Fig. 2(a)). The glass coverslip is removed from the ethylene glycol solution
and immersed in acetone. The remaining ethylene glycol dissolves in the acetone and the flakes
detach from the glass coverslip.
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Fig. 2. (a) Optical transmission microscope images of chemically synthesized single-
crystalline gold flakes. (b) Scanning electron microscopy images of the investigated PSWs
in the single-crystalline film. The blue box displays an enlarged view of the phasematched
slot-dipole-antenna array at the 50 nm PSW.
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Subsequently, the flakes are transferred by dropcasting from the acetone solution onto a glass
substrate, which is coated with a thin layer of Indium Tin Oxide (ITO). Upon evaporation of the
acetone, the flakes tightly attach to the ITO via surface adhesion forces. The adhesion proves
strong enough to permit AFM measurements at the edge. In an additional experiment we have
shown that the flakes even remain in contact with the substrate when atomically thin Van der
Waals materials are transferred onto the flake by a PDMS (polydimethylsiloxan) stamp. The
electrical conductivity of the ITO layer ensures compatibility of the samples with scanning
electron/ion microscopy, while preserving optical transparency for near-infrared wavelengths.
We use optical microscopy in combination with atomic force microscopy (AFM) to select a
sufficiently large flake with a thickness of 50 nm for further processing. For comparison, we also
prepare a poly-crystalline gold film by thermal evaporation of a 2 nm-thin chromium adhesion
layer and a 50 nm thick gold film onto a glass substrate. In the next step, the PSWs are patterned
into the gold films by focused ion beam milling (Zeiss XB1540 crossbeam). We utilize Ga**
ions with an acceleration voltage of 30kV and a beam current of 1.5 pA. Figure 2(b) shows
scanning electron micrographs of a set of five waveguides milled into the single-crystalline gold
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film. The slot width w increases from w = 50 nm to w = 150 nm from left to right. An enlarged
view of the end of the w = 50 nm PSW is shown in the blue box. A phase-matched array of four
pairs of slot-dipole antennas is milled into the surrounding metal film at the end of each PSW,
providing an efficient interface to couple free-space radiation to the waveguide mode. The single
slot-antennas are designed to be resonant at telecommunication wavelengths with a length of
420 nm and a width of 60 nm. The center-to-center distance of a slot antenna to the waveguide is
250 nm. The period of the antenna array varies from 980 nm to 1080 nm in order to match the
effective wavelength of the waveguide mode for the different slot width.

The near-field of the PSWs is characterized with a s-SNOM (Neaspec neaSNOM) in trans-
mission mode configuration. The setup is schematically depicted in Fig. 3(a). The attenuated
beam of a tunable near-infrared femtosecond light source (Stuttgart Instruments Alpha-HP) tuned
to a wavelength of 1520 nm is spatially filtered by a single mode fiber and focused onto the
antenna coupler array from below by a parabolic mirror. The waist radius of the Gaussian beam
at the sample surface is determined to be approximately 4 um by a knife edge measurement. The
incident beam is polarized along the x-direction to resonantly excite the slot-antenna array and
efficiently couple to the waveguide mode, which propagates along the slot in y-direction. A
metallized AFM tip (Nanoworld Arrow NCPt) is approached to the sample by means of tapping
mode atomic force microscopy. Due to its elongated shape in vertical direction, the tip acts as an
antenna, predominantly scattering the out-of-plane near-field component E, at the sample surface
to the far-field. The scattered radiation is collimated and guided to an Indium-Gallium-Arsenide
detector by the upper parabolic mirror. To measure both the amplitude and phase of the near-field
by psydoheterodyne detection [43], the scattered signal is overlapped with a reference beam.
Demodulation of the detector signal at higher harmonics of the tip oscillation frequency € allows
to strongly suppress background contributions, e.g. light directly scattered from the sample or
the tip. By raster scanning the sample with respect to the fixed configuration of the tip and the
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Fig. 3. (a) Scheme of the scattering type scanning near-field optical microscope in
transmission mode configuration. Amplitude |E,| and phase ¢ data of the measured near-
field distribution of PSWs with different gap widths w in single-crystalline (SC) and thermally
evaporated poly-crystalline (PC) gold films: (b) w = 50nm, SC; (¢c) w = 50 nm, PC; (d)
w = 100 nm, SC; (e) w = 100 nm, PC. The signals are in each case demodulated at the third
harmonic of the tip oscillation frequency (n = 3).
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upper parabolic mirror we obtain a two-dimensional (2D) map of the near-field distribution. A
synchronized movement of the lower parabolic mirror along with the sample guarantees a fixed
illumination of the antenna coupler array during the scan. Movements of the lower parabolic
mirror along x-direction require a correction of the phase raw-data by an additive contribution
¢raw to account for the change of the optical path length with respect to the reference arm of the
interferometer: ¢ = @ray + 275, Movements along the y-direction require no phase correction,
since they do not alter the optical path length.

3. Results and discussions

Figure 3(b) shows amplitude and phase data of a near-field measurement along a w = 50 nm
wide PSW in single-crystalline gold, demodulated at the third harmonic of the tip oscillation
frequency. The tapping amplitude of the tip is set to 70 nm and the wavelength of the incident
laser is 1520 nm for all measurements. The antenna array, which excites the waveguide mode
is not included in the scan region and lies further below in negative y-direction. The near-field
amplitude |E,| is tightly confined around the slot in x-direction and decreases during mode
propagation along the y-direction. As expected from the transverse electric field distribution
depicted in Fig. 1(b), the measured out-of-plane field component |E,| vanishes in the middle of
the slot. The corresponding phase data clearly displays the expected antisymmetric nature of the
mode with a phase jump of & across the slot. During mode propagating, we observe a linear
phase increase in y-direction.

The experimental data for the w = 50 nm wide PSW milled into the poly-crystalline gold film
is shown in Fig. 3(c). It is immediately apparent that the propagation length is here significantly
shorter than in the previous case. For that reason, we had to move the scan region closer to the
excitation such that the exciting beam partially overlaps with the scan region. Therefore, we
have a significant contribution of free propagating SPPs on the gold/air interface excited by the
incident beam on the edges of the slot. The interference of the waveguide mode propagating in
y-direction and the SPPs running in +x-direction results in the observed beating pattern [31].

Figure 3(d) and (e) display the amplitude and phase maps of PSWs with a slot width of
w = 100nm milled into the single-crystalline gold film and the poly-crystalline gold film,
respectively. In contrast to the case of the w = 50 nm wide slot, we now observe comparable
propagation lengths for both film types. Again, the beating pattern can be attributed to the
interference of the slot mode with freely propagating SPPs.

In order to extract the effective mode index n and the propagation length L of the waveguide
mode from the measured near-field distributions, we fit the following 2D model, which describes
the E,-component of the waveguide mode outside of the gap region, to the data:

Eexply(ikon — 5r) = =2 + ¢o]  x—x0 > w/2 0
X0—X

—Ejexply(ikon — 57) = 2=+ @p]  xg—x > w/2’

&mw={

In this model, the center of the slot is located at x = xo. The gap region is excluded from the fit.
We allow different values for the amplitudes E, and —E; on the right and left hand-side of the
gap to account for the slight asymmetry of the near-field amplitude in the measurements, which
we attribute to the specific geometry of the detection optics in the s-SNOM. i.e., the relative
positions of the slot with respect to the AFM tip and the collecting parabolic mirror. The opposite
algebraic signs take the phase jump of 7 across the slot into account, ¢ represents a global phase
and ko = 27/ Ay is the free space wavenumber. The evanescent decay of the mode away from the
slot region is described by the parameter «.

Figure 4(a) exemplarily shows the E, component of the experimental data and of the fitted
2D model for the case of the w = 50 nm wide PSW milled in the single-crystalline film. The
resulting parameters for the propagation length L and the effective mode index n for gap widths
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are plotted in Fig. 4(b) and (c), respectively. The error bars result from averaging fit results from
the measurement data of the third and fourth demodulation order as well as the forward and
backward scan direction, respectively. For the single- as well as the poly-crystalline gold film,
the effective mode index decreases with increasing gap size. This behaviour is expected from
theoretical considerations [20] (also see below). In the poly-crystalline film, the mode index
is slightly larger than that of the single-crystalline sample. We attribute this to the influence
of the 15 nm thin ITO layer that we had to deposit on the glass substrate in the case of the
single-crystalline gold film for fabrication reasons and that is absent in the case of the evaporated
gold film. For the thinnest waveguide in the poly-crystalline film, the effective mode index
deviates from the expected monotonic increase when lowering the slot width. We attribute
this behavior to fabrication imperfections during focused ion beam milling. Since the field
enhancement in the slot region is higher for thinner slots, we expect imperfections like grains
on the edges to have larger influence in this case. Since the 50 nm slot width represents the
fabricational limit for our FIB microscope in combination with the poly-crystalline films, it is
also possible that some residual metal remains in the slot region, which could affect the effective
mode index. In contrast, for single-crystalline films even finer slots of 40 nm can be fabricated.
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Fig. 4. Results of the 2D complex fits. (a) Real part of the E;, electric field component
around the w = 50 nm slot in the single-crystalline film: Measured data (left panel) and
fit (right panel). The scale bar has a length of 500 nm. Effective mode indices (b) and

propagation lengths (c) both on poly-crystalline and single-crystalline gold for different slot
width.

Interestingly, the propagation length shows for both films a non-monotonic behaviour. In the
case of the single-crystalline gold film, we observe a maximum propagation length of L ~ 6 pm
for a gap width of w = 80 nm. The maximum propagation length for the poly-crystalline gold
film is about L = 4 ym reached for a gap width of w = 100 nm. We explain this non-monotonic
behaviour by a trade-off between two different loss channels. With decreasing gap size, a larger
fraction of the electric field resides in the metal and the Ohmic losses increase. In this region,
we expect that the quality of the gold film plays a crucial role. This is in accordance with our
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observation that for gap sizes below w = 100 nm the propagation length of the PSWs defined
in the single-crystalline gold film is up to a factor two larger than that of the PSWs in the
poly-crystalline gold film. In contrast, for large gap sizes, we expect that the Ohmic losses are
reduced since a larger fraction of the electric field of the mode is located in the gap region and
in the dielectric surrounding of the metal film. Hence, one could naively expect that L should
monotonically increase with the gap size. Nevertheless, we observe a different behaviour, i.e.,
the propagation length decreases for the largest gap sizes for both gold films. The reason for
this is leakage radiation, which becomes the dominant loss channel once the effective mode
index deceeds the refractive index of the substrate. As a result, we observe for both gold films
comparable propagation lengths in the case of large gap sizes above w = 100 nm.

In order to support this interpretation, we have performed 3D numerical calculations employing
a commercial finite element method solver (COMSOL Multiphysics). The total size of the
computational domain is 1.5 pm X 20 ym X 3 um (x X y X z). We take advantage of the symmetry
of the PSW by applying perfect electric conductor boundary conditions to the yz-plane in the
middle of the gap. All other boundaries of the computational domain are terminated by perfectly
matched layers with a thickness of 750 nm. The 50 nm gold film is sandwiched between the glass
substrate below (refractive index n=1.5) and air (refractive index n=1) above. The gap region
consists of air. For the dielectric function of the gold film, we use the data provided by Johnson
and Christy [44]. The slot waveguide has a length of 18.5 um and is terminated in y-direction
on one end by 1.5 um of gold and on the other end by a perfectly matched layer. For reasons of
calculation time and memory consumption, we omit the phase-matched slot-dipole-antenna array
and excite the slot mode at the closed end of the waveguide by a normally incident, x-polarized
Gaussian beam from the substrate side. The slot width is varied in a parameter sweep from
w = 40nm to w = 150 nm in steps of 10nm. From each of these calculations, we extract the
transverse electric field component E,(y) along a line profile through the center of the slot in
propagation direction (y-direction). The effective mode index and the propagation distance are
obtained by fitting a one-dimensional damped harmonic wave to the E,(y)-data (see Fig. 5). The
numerical results are in good agreement with the experimental findings for the single-crystalline
gold film. In particular, they also show a monotonic decrease of the effective mode index and a
maximum of the propagation length for gap sizes around w ® 90 nm. As in the experiment, we
observe that the propagation length strongly decreases once the effective mode index becomes
smaller than the refractive index of the substrate. We note that the latter aspect cannot be
reproduced with 2D mode analysis calculations, in which leakage of the slot mode into the
substrate is not properly taken into account.
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Fig. 5. Calculated effective index (blue curve) and propagation length (red curve) of the
PSW slot mode as a function of gap size.
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4. Conclusion

We have fabricated plasmonic slot waveguides in single-crystalline and poly-crystalline gold
films with slot widths down to 50 nm. The effective mode indices and the propagation lengths
were experimentally determined by amplitude- and phase resolved near-field measurements with
a scattering-type scanning near-field optical microscope. We find that the quality of the gold
film has a profound impact for small gap widths for which Ohmic losses are the dominant loss
channel. In particular, we observe that the propagation length can be improved by almost a
factor of two by choosing a high-quality single-crystalline gold film. In contrast, for gap widths
exceeding 100 nm, the waveguides in single-crystalline and poly-crystalline gold films show a
comparable performance since leakage radiation into the substrate becomes the dominant loss
channel. The latter could be suppressed by embedding the gold film in a symmetric dielectric
environment, e.g., by coating the gold film with a spin-on-dielectric [20]. One might argue that
the size of the gold flakes could be insufficient for future applications. However, since the typical
lateral dimensions of a single-crystalline gold flake are larger than the SPP propagation length,
we expect that this aspect only becomes a limitation if one wants to combine many waveguides on
a chip. In such a scenario, one could however connect the plasmonic waveguides with low-loss
three-dimensional dielectric waveguides, e.g., printed by laser lithography, and use several flakes.
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