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ABSTRACT

Unlocking the true potential of optical spectroscopy on the nanoscale requires development of stable and low-noise laser sources. Here,
we have developed a low-noise supercontinuum (SC) source based on an all-normal dispersion fiber pumped by a femtosecond fiber laser
and demonstrate high resolution, spectrally resolved near-field measurements in the near-infrared (NIR) region. Specifically, we explore the
reduced-noise requirements for aperture-less scattering-type scanning near-field optical microscopy (s-SNOM), including inherent pulse-topulse fluctuation of the SC. We use our SC light source to demonstrate the first NIR, spectrally resolved s-SNOM measurement, a situation
where state-of-the-art commercial SC sources are too noisy to be useful. We map the propagation of surface plasmon polariton (SPP) waves
on monocrystalline gold platelets in the wavelength region of 1.34–1.75 μm in a single measurement, thereby characterizing experimentally
the dispersion curve of the SPP in the NIR. Our results represent a technological breakthrough that has the potential to enable a wide range
of new applications of low-noise SC sources in near-field studies.
© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0050446

I. INTRODUCTION
Today’s silica fiber-based supercontinuum (SC) sources are
ultra-broadband spatially coherent lasers covering several octaves
from the visible (400 nm) to the near-infrared (NIR) (2400 nm) with
a brightness that is over seven orders of magnitude higher than that
of a Globar and even 2–3 orders of magnitude higher than that of a
synchrotron.1 Using SC generation in gas-filled hollow-core fibers,
the spectrum is being extended to the vacuum UV below 113 nm,2
and using chalcogenide fibers, the spectrum is being pushed to
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the mid-IR above 13 μm.3 In many ways, the SC source resembles
an ultra-bright table-top synchrotron with a tremendous range of
applications.
In this paper, we demonstrate the leap in the performance
of our newly developed low-noise SC source compared to existing commercial SC sources by spectroscopic imaging of surface
plasmon polariton (SPP) waves propagating at the interface of
extremely flat monocrystalline gold platelets. The broadband and
ultra-quiet nature of the SC source, together with interferometric
measurement techniques, allows us to measure the experimental

6, 066106-1

APL Photonics

dispersion curve over the range 1.34–1.75 μm of the SPP
waves.
A. All-normal dispersion supercontinuum generation
There has been a recent push toward understanding and suppressing the noise of SC sources due to the increasing number
of applications within spectroscopy and a wide range of imaging
modalities, such as ultra-high resolution spectral domain optical
coherence tomography (OCT),4,5 spectroscopic optical resolution
photo-acoustic microscopy (OR-PAM),6,7 scanning confocal fluorescence microscopy,8,9 and flow cytometry.10 Commercially available and high-average power SC sources are all based on pumping a nonlinear optical fiber in the anomalous dispersion regime
close to the zero-dispersion wavelength with long picosecond (ps)
and nanosecond (ns) pulses. This means that the SC generation is
initiated by modulational instability (MI) growing from noise and
breaking up the pump pulse into hundreds of solitons.11–13 Consequently, the SC sources are inherently noisy,13 which reduces the
quality and resolution of images as well as the detection limit that
can be obtained with spectroscopy using the SC source. Fundamental processes, such as soliton spectral alignment, can somewhat lower
the noise of such MI- and soliton-based SC sources,14,15 and the SC
sources can be repetition rate doubled several times to increase the
averaging of the detectors in the imaging systems.16,17 However, such
approaches have only reduced the noise by a factor of up to four.
One of the most promising approaches to reduce the noise by
orders of magnitude is to generate the SC in a fiber with weak allnormal dispersion (ANDi) using ultra-short femtosecond (fs) pump
pulses, in which case the spectral broadening can be dominated by
the coherent processes of self-phase modulation (SPM) and optical wave-breaking (OWB).18–20 Here, a first critical obstacle to lownoise performance is that the normal dispersion is weak in order to
avoid parametric Raman noise.21 Other key requirements to avoid
Raman noise are that the pulse length and fiber length are sufficiently short and the pump peak power is sufficiently low.21 Recent
polarization and pump noise studies have also demonstrated that,
in addition, the pump peak power and amplitude noise need to be
low enough and the fiber birefringence needs to be high enough to
avoid detrimental noise from polarization MI (PMI).22,23 While several limiting requirements have thus been pointed out, these are still
possible to satisfy, and the ultra-low-noise regime of an ANDi SC
source is, therefore, realistically achievable.
B. Supercontinuum light sources and near-field
microscopy
An important application where low noise of an SC source is
of critical importance is scattering-type scanning near-field optical
microscopy (s-SNOM).24 s-SNOM is based on scattering of an incident optical field by a metallic tip sharpened to a tip radius of a
few tens of nanometers, typically implemented as a modified atomic
force microscope (AFM) with optical access. The scattering cross
section of the tip depends on the local dielectric constant immediately under the tip, and therefore, the spatial resolution is determined by the radius of curvature of the tip and not by wavelengthdependent diffractive focusing of the incident optical field. This sensitivity to the local environment comes from the plasmonic-driven
concentration of the incident field at the apex of the tip. The field
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concentration depends on image-charge effects at the surface of the
material under the tip. Hence, the local field under the tip depends
nonlinearly on the distance between the tip and the surface. In order
to detect the near-field contribution to the total scattered field, the
tip is tapped in and out of the near-field zone, and the near-field
contribution to the scattered light intensity is recovered by demodulation at a harmonic n × Ω of the tapping frequency Ω.25,26 The
spectrally resolved amplitude and phase of the scattered field can
be acquired by asymmetric Fourier transform spectroscopy,27 where
the tip is located in the static arm of an asymmetric Michelson interferometer.28,29 Since the photodetector measuring the back-scattered
light receives the full scattered light field, source noise will inevitably
have a large impact on the quality of the recovered high-order
demodulated near-field signal. As an alternative to the apertureless s-SNOM technique, aperture-based methods typically rely on
an optical fiber tapered to nanometer dimensions and coated with
metal.30,31 The aperture can, in this manner, be reduced to less than
100 nm—deeply sub-wavelength relative to the wavelength of the
incident field. The near field of a transilluminated sample is collected by the aperture, which, due to its sub-wavelength diameter,
offers a small but measurable signal. Scanning of the fiber tip across
the sample can, in this manner, reveal the local optical properties of
materials.
Near-field spectroscopic imaging has been pursued intensively
in the past couple of decades using incoherent light sources as well as
coherent synchrotron and laser-based light as illumination sources.
As an example of the use of an incoherent light source, Aigouy
et al.32 used a monochromatized xenon lamp coupled into an optical fiber for delivery and detected the scattered signal from an AFM
tip with an apex diameter of ∼100 nm. In this manner, wavelengthdependent scattering spectra (in the range 400–600 nm) from gold
islands, recorded at the tapping frequency of the AFM tip, were
reported and compared to far-field results. Bechtel et al.33 used midIR radiation from a synchrotron (700–5000 cm−1 corresponding to
2–14 μm) for <40 nm spatial resolution imaging of semiconductors, biominerals, and protein nanostructures. The high brightness
compared to an incoherent light source resulted in very high signalto-noise contrast of the recorded images and allowed interferometric
detection of the broad spectrum of the scattered light. Less expensive
and more versatile ways to generate broadband light with low noise
for near-field spectroscopy have also been explored. A few examples include the use of tunable laser sources in the mid-infrared
for spectroscopic near-field imaging of, for instance, nanoparticles
of PMMA and cylindrical tobacco viruses34 and plasmon–phonon
interactions in highly doped graphene.35 There are, however, significant advantages in using broadband light sources for near-field
studies. This has motivated efforts to apply SC-based light sources
in near-field experiments. Notably, Nagahara et al.36 used aperturebased SNOM with an SC generated in a nonlinear photonic crystal
fiber (PCF) pumped by a Ti:sapphire fs laser for optical pump–probe
near-field measurements with ps time resolution. Spectral resolution
was obtained by slicing of the wavelengths of the SC with tunable filters. Mikhailovsky et al.37 used a fs white-light continuum generated
in a sapphire plate and transmitted through a sub-wavelength aperture of a tapered fiber for the study of surface plasmon resonances in
gold nanoparticles and their dimers. Bakker et al.38 used a compact
SC light source based on a Nd:YAG pulsed microchip laser pumping
a PCF at 1064 nm, with 550–950 nm spectral coverage, and obtained
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sub-wavelength resolution with a cantilever-mounted tapered fiber
probe with 150 nm aperture. Dvořák et al.39 used a commercially
available SC source (Fianium) for non-interferometric near-field
mapping of surface plasmon polaritons on gold structures deposited
on quartz. The SNOM was aperture-based, with an aperture opening of 50 nm, and the study was performed with wavelength selection
before the imaging. The whole sample was illuminated, and the local
light intensity was picked up by the probe tip. Experimental interference patterns (in the range of 550–750 nm) of surface plasmon
polaritons (SPPs) propagating in different directions on a square
sample of dimensions ∼10 × 10 μm2 were observed, and the SPP
dispersion curves across the visible spectral range could be extracted
from the images.
A series of papers from various authors have used differencefrequency generation (DFG) in the mid-infrared for broadband,
wavelength-tunable s-SNOM studies. The technique, first developed
for near-field imaging by Keilmann and Amarie40 based on previous developments by Gambetta et al.,41 uses a fs Er:fiber laser, where
a part of the beam is turned into an SC spanning of 0.9–2.2 μm.
The long-wavelength portion of the SC is mixed with residual pump
light in a GaSe nonlinear optical crystal, phase-matched for DFG
in the mid-infrared. This source was first applied for the investigations of phonons in silicon carbide (SiC)42 and has been applied,
for instance, to map the optical properties of optical phonons in the
mid-infrared43,44 and the dynamics of photoexcited charge carriers
in InAs.45 These light sources in combination with s-SNOM have
been used to map the propagation of phonon polaritons with hyperbolic dispersion43 as well as their resonance modes in confined structures46 with lateral spatial resolution better than 20 nm. The combination of s-SNOM with broadband light sources featuring low noise
is thereby a powerful tool to explore the fundamental properties of
light-matter interactions in the near-field on the nanometer scale.
In spite of the apparent advantages of SC-based light sources
for s-SNOM, there is limited quantitative information available in
the literature about their noise properties. In this paper, we demonstrate that when applied to near-field interferometric s-SNOM, an
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ANDi-based SC source shows performance comparable to that of
a low-noise passively mode-locked fs laser but offering a greatly
enhanced spectral bandwidth enabling broadband spectroscopy in
a single measurement, without tuning the wavelength of the source.
In contrast, we highlight that standard commercial SC sources are
severely limited with regard to their application in s-SNOM measurements due to their high intrinsic noise. We critically evaluate
the SC noise, with particular attention paid to the indicators relevant for sensitive near-field studies, benchmarking the performance
against the commercial SC system. Targeting a region of the nearinfrared (NIR) from 1.4 to 1.8 μm is important for a number of key
research areas, not least because it covers the full telecommunication
window. We emphasize that our advancement is distinct both technologically and application-wise from earlier work with SC sources
in the mid-infrared.
II. MATERIALS AND METHODS
We compare the performance of two broadband SC sources
and a fs laser for s-SNOM in the NIR using a commercial s-SNOM
spectrometer (neaSNOM, attocube) with an FTIR unit (nano-FTIR,
attocube) equipped with a fused silica beam splitter (600–1700 nm).
We used Arrow NCPt AFM tips (NanoWorld) for the measurements. In all experiments reported here, we used an average optical
power of 2–3 mW to drive the s-SNOM. The full setup is shown
in Fig. 1. The first SC source is a commercially available 20 MHz
SuperK Extreme (NKT Photonics), which covers the wavelength
range from 0.39 to 2.40 μm. The output spectrum of this source has
a strong peak at the pump wavelength (1064 nm), which is why we
remove the short-wavelength part of the spectrum (<1.30 μm) using
a long-pass filter. We compare the performance of this SC source
with our low-noise ANDi SC source covering the wavelength range
from 1.34 to 1.75 μm (5550–7300 cm−1 and a useful bandwidth of
1750 cm−1 )47 and a commercial fs laser (Toptica Er:fiber; a central
wavelength of 1550 nm, a pulse duration of 125 fs, a repetition rate
of 90 MHz, and an average power of 280 mW). The ANDi fiber (OFS

FIG. 1. Sketch of the setup (M = mirror, FM = flip mirror, LPF = long-pass
filter, NDF = neutral density filter, BPF
= bandpass filter, F = optical fiber, HWP
= half-wave plate, L = lens, PBS = polarizing beam splitter, PM = parabolic
mirror, PD = photodetector, and OSA
= optical signal analyzer).
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Denmark) is pumped by the same fs Er:fiber laser. Details on the
ANDi fiber and its characterization are given in the supplementary
material.
The useful bandwidth of the ANDi SC is determined by the
region of low, normal dispersion of the fiber used for SC generation.47 By using the same fs laser for ANDi and reference measurements, we can directly measure additional noise from the SC
generation and compare it to the noise of the pump laser. By using
flip mirrors (FMs), either the low-noise SC beam (via FM1) or the
beam of the fs laser (via FM2 and 3) can be coupled into the optical setup. The required vertical polarization and optimal spectrum
are ensured by the combination of a broadband half-wave plate
(HWP) and polarizing beam splitter (PBS). After passing through
a common beam expander, the chosen beam from one of the three
sources can either be sent into the s-SNOM system or be coupled
into a fiber via FM4 for direct characterization of the properties
of the input beam. The collection fiber (core diameter of 50 μm)
can be connected to an optical spectrum analyzer (OSA, Yokogawa
AQ6375) to measure the input spectrum or an InGaAs photodetector (Thorlabs DET08CFC, 5 GHz bandwidth, 80 μm active area
diameter) and real-time oscilloscope (Teledyne LeCroy HDO9404,
4 GHz bandwidth, 40 GS/s) to determine the relative intensity noise
(RIN), which is a standard figure-of-merit of the pulse-to-pulse fluctuation in intensity of a pulsed laser, based on statistics extracted
from a long time-series record of many thousands of individual
pulses.
III. RESULTS AND DISCUSSION
A. Hyper-spectral nano-imaging of surface plasmon
polaritons on monocrystalline gold platelets
We use our low-noise ANDi-based SC source to measure
interference fringes of SPPs on high-quality monocrystalline gold
platelets. It was recently shown that the measurement of SPPs on
a gold film with s-SNOM leads to rich and complex distributions of
the scattering signal due to the contributions of several excitation
and detection channels,48,49 thus representing a challenging case for
our developed setup. Figure 2 shows the excitation geometry of the
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s-SNOM tip and the gold platelet. The image of the gold platelet is
the topology map recorded by the s-SNOM. There are two possible
excitation and detection channels that are relevant for this experiment. The first SPP related pathway shown in Fig. 2(a) is due to tiplaunched SPPs, i.e., the incident beam excites SPPs at the tip, which
radially propagate away from the tip. If the propagation direction of
the SPPs is perpendicular to the edge, they will be partially reflected
back toward the tip. The outgoing and incoming SPPs interfere at
the tip, and when scanning the tip along a line that is perpendicular to the edge [gray dashed line in both Figs. 2(a) and 2(b) but best
seen in (b)], the scattered signal forms a field pattern that is similar to a standing wave with a fringe spacing of Λtl = λspp /2, where
λspp is the SPP wavelength.50 The second SPP related excitation and
detection channel is illustrated in Fig. 2(b). The incident beam that
is focused on the tip has, due to the diffraction limit, a finite diameter. Because of the shallow incident angle of ϑ = 60○ , the spot size is
∼5 μm perpendicular to and 21 μm in the direction of the projection
of the incident beam on the sample surface. If a part of the beam hits
the edge, SPPs can be excited, which eventually propagate toward
the tip. These waves can, to a good approximation, be described by
plane waves in contrast to the circular waves launched by the tip.
When they reach the tip, they can be scattered and additional fringes
are formed due to the interference between the edge-launched SPPs
and the in-plane component of the incident laser beam.51 In addition, here, a typical fringe spacing is obtained when the tip is scanned
along a line perpendicular to the edge, which is given by49
Λel =

− sin(ϑ) sin(φ) +

√

λ0

sin2 (ϑ)sin2 (φ) − sin2 (ϑ) + n2eff

,

(1)

where λ0 is the wavelength of the incident light, ϑ is the incident angle, φ is the azimuth angle of the beam with respect to
the edge, and neff is the effective refractive index at the gold interface and is related to the theoretical
√ dispersion relation of the SPPs
by neff = Re[β̃/k0 ], where β̃ = ϵ̃/(1 + ϵ̃) is the complex-valued
wave vector of the SPPs propagating at the surface of a metal with

FIG. 2. Excitation and detection paths of SPPs on monocrystalline gold platelets with s-SNOM: (a) tip-launched SPPs and (b) edge-launched SPPs. The gold flake image
is based on a topology map recorded by the s-SNOM system.
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complex dielectric constant ϵ̃. When a part of the beam illuminates
the edge, both channels will contribute to the measured signal simultaneously. Edge-launched SPPs, however, are more dominant than
tip-launched SPPs. The resulting field pattern is thus a superposition of fringes due to the edge-launched SPPs described by a plane
wave and tip-launched SPPs described by a cylindrical wave.
We formed an average of eight consecutive line scan measurements from the edge toward the center of the gold platelet, as indicated by the gray dashed line in Fig. 2, recording the spectra with the
nano-FTIR unit at 300 pixels along the line. The azimuth angle was
set to φ = 67○ . We then calculated the average of the seven measurements for each pixel. Each interferogram consists of 700 data points
over 140 μm movement of the interferometer arm. With an integration time of 17 ms per step, the total data acquisition time for the
data shown in Fig. 3 was ∼7 h.
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The resulting map of the scattering amplitude ∣S3 (λ0 , x)∣ for all
incident wavelengths λ0 within the bandwidth of the SC pulses is
shown in Fig. 3(a). For clarity, we normalized the profiles at each
wavelength. For each wavelength, we obtain a periodic pattern where
the spacing of the fringe maxima increases for a longer illumination
wavelength. The black dotted lines are separated along the x axis by
the theoretical value of the fringe spacing for edge-launched SPPs for
the respective illumination wavelength λ0 , which is in good agreement with the measurement. The signal profile at λ0 = 1.6 μm (blue
dashed line) is shown as an example in Fig. 3(c). In a next step, we
perform a discrete Fourier transformation (FFT) over the entire xrange of Fig. 3(a), which is also marked in Fig. 3(c) by the two red
vertical lines, to obtain the fringe spacings from the resulting spatial
frequency spectra S3 (λ0 , K) = F[∣S3 (λ0 , x)∣]. The result of the FFT
is shown in Fig. 3(b). We find maxima whose K values decrease

FIG. 3. Results of the experimental line scan from the edge to the center of the gold platelet. (a) Density plot of the scattering amplitude ∣S3 (λ0 , x)∣ for different illumination
wavelengths λ0 . The black dots mark the calculated fringe spacing of edge-launched SPPs at different illumination wavelengths. (b) Spatial frequency map by applying
a FFT to the scattering amplitude ∣S3 (λ0 , x)∣ in (a) at each illumination wavelength. The black and gray dashed curves correspond to the theoretical predictions of the
spatial frequencies of edge-launched and tip-launched SPPs, respectively, and the blue dashed line marks the spatial frequency spectrum shown in (d). (c) Intensity profile
of the near-field signal taken at the horizontal blue dashed line in (a). (d) Amplitude spectrum as a function of the spatial frequency K. The blue dots correspond to the
Fourier-transformed experimental data taken between the two red vertical lines in (c). The blue curve is the result of the fitting procedure detailed in the main text. The black
and gray vertical lines mark the theoretical values Λel and Λtl , respectively, and the purple and red lines show the two peak positions of the fit (partly overlapping with the
black and gray lines due to the close agreement). (e) Resulting fringe spacings (purple and red dots) Λ = 2π/K el,tl for all illumination wavelengths and linear fits (purple
and red dashed lines). The gray and black lines correspond to theoretical values of Λ = 2π/K el,tl in the wavelength range of the SC source, respectively. The gray shaded
areas indicate ranges where noise dominates.
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with increasing illumination wavelength. The theoretical values
K el = 2π/Λel of edge-launched SPPs (black dashed curve) overlap
well with our measured data. Furthermore, we find an increase
in the signal on the right shoulder of the main peak, where the
theoretical spatial frequency value K tl = 2π/Λtl of the tip-launched
SPPs is located (gray dashed curve). This becomes more apparent
in Fig. 3(d), which shows the corresponding spatial frequency spectrum at λ0 = 1.6 μm. The theoretical prediction of the K values for
edge-launched and tip-launched SPPs is marked by the black and
gray vertical lines, respectively. To identify the position of these two
peaks (labeled 1 and 2) in the data, we perform simultaneously a fit
with the absolute value of the Fourier transform ∣F[ f1 (x) +
√f2 (x)]∣
of a cylindrical wave f1 (x) = A1 Θ(x) cos(K1 x) exp(−Γ1 x)/ 2x and
a plane wave f 2 (x) = A2 Θ(x)cos(K 2 x)exp(−Γ2 x), where Θ(x) is
the Heaviside step function. Γ1,2 and K 1,2 are the decay parameter
and the spatial frequency vector of the obtained field distribution of
fringes due to tip-launched and edge-launched SPPs, respectively.
The resulting fit is shown by the blue curve, while the purple and
red vertical lines mark the fitted peak positions, which are in good
agreement with the positions of the black and gray vertical lines
obtained theoretically. We apply our fitting procedure to all illumination wavelengths and plot in Fig. 3(e) the fitted peak positions
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(purple and red dots) in terms of fringe spacing Λ = 2π/K as a function of the illumination wavelength. The fitted fringe spacings, which
are related to the first peak in the spatial frequency spectra (purple
dots), are closely located to the theoretical prediction of the fringe
spacing of edge-launched SPPs indicated by the black curve. The
fringe spacings, which are related to the second peak in the spatial frequency spectra, are distributed around the predicted values
for tip-launched SPPs (gray curve). The gray dashed vertical lines
mark the wavelength range in which the signal is reliable enough to
perform the fit with confidence. As a last step, we make a linear fit
through the purple and red dots, respectively, which are plotted as
purple and red dashed lines. Both linear fits are in good agreement
with the theoretical predictions for edge-launched and tip-launched
SPPs, respectively. These results convincingly demonstrate the versatility of the ANDi SC source operating in the NIR wavelength
region for broadband s-SNOM based nanospectroscopy.
B. Relative intensity noise (RIN) and s-SNOM
performance
To characterize the spectrally resolved RIN of the different
sources, we used 12 nm bandpass filters (at 50 nm intervals) and

FIG. 4. (a) Toptica 1.55 μm fs laser spectrum (red) and RIN of the 12 nm filtered signal at 1.55 μm (blue point). (b) Pulse energy distribution of the 12 nm filtered signal
at 1.55 μm. (c) Low-noise ANDi SC spectrum (red) and spectrally resolved RIN at 1.4–1.65 μm (blue dots). (d) Pulse energy distribution recorded with a 12-nm BPF at
1.50 μm.
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detected time series of the filtered spectrum by the fast photodetector and real-time sampling oscilloscope. The RIN was then defined
from the statistics as the standard deviation divided by the mean. In
general, the recorded statistical distribution of an SC source depends
on the wavelength and can vary from being Gaussian shaped (typically close to the pump) to strongly L-shaped (typically close to
the edges).52 The details of the RIN measurement procedure are
described in the supplementary material. This technique for measuring RIN has been applied in several earlier works on SC noise.47,53 To
understand the contribution of the pump laser to the overall noise of
the ANDi SC source, the optical spectrum and corresponding RIN
of the 125 fs, 1550 nm pump laser were first measured directly before
the SC generation and are shown in Fig. 4(a). The spectrum extends
over 130 nm (from 1.50 to 1.63 μm). RIN measurements were performed in a 12 nm band at a center wavelength of 1.55 μm. The
measured RIN was found to be 0.36%, and the pulse energy distribution of the recorded pulses was close to Gaussian, as shown in
Fig. 4(b). We note that the measured RIN of the pump was reported
to be 1% in Ref. 47 in which case the laser was optimized for maximum average power out of the laser. In this case, the same laser
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was thoroughly optimized for minimum pulse-to-pulse fluctuation,
and a low-RIN of 0.36% was obtained after the optimization. The
measured spectrum and spectrally resolved RIN (in the wavelength
range of 1.4–1.65 μm) of the ANDi SC source is shown in Fig. 4(c),
and an example of the approximately Gaussian distribution of the
pulse energy distribution of the recorded pulses is shown in Fig. 4(d).
The RIN remains below 0.7% across the measured bandwidth, which
supports the fact that the spectrum broadens deterministically by
SPM and OWB. Furthermore, the ANDi SC shows only a slight
increase in the RIN in comparison to the pump laser itself at the
pump wavelength and shows the same RIN level as the pump laser
outside the pump wavelength region.
In contrast, the reference SC source has a markedly higher
RIN. As detailed in the supplementary material, we find a spectrally
averaged RIN of 4.7% across the 1.3–1.8 μm range and a spectrally
resolved RIN that shows an increase from 16% at 1.35 μm to 28%
at 1.65 μm. Our detailed RIN measurements thus confirm that the
noise of the commercial SuperK source across the bandwidth is
more than 23 times higher than that of the ANDi source. We anticipate this to have serious implications for the performance of the

FIG. 5. (a) Approach curves of the s-SNOM system driven by the Toptica fs laser, recorded at demodulation orders n = 1, 2, 3, 4 and (b) interferometric (nano-FTIR)
measurement of the Toptica fs laser spectrum (n = 2, 3, 4). (c) and (d) Same as (a) and (b) but recorded with the full ANDi spectrum.
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s-SNOM system, as we will now consider. With the s-SNOM system, we recorded the approach curves (scattered signal from the
tip as a function of the tip-surface distance) using the same monocrystalline gold platelet sample as above48 [see Figs. 5(a) and 5(c)].
This measurement allows us to determine the noise level of the different demodulation orders (n) and the contribution of the nearfield in the demodulated signal channels (Sn ) of the reference SC
source, the ANDi SC source, and the fs laser driving the ANDi
SC. In a second step, we recorded the spectrum of the scattered
near-field signal along a scan line on the sample surface with an
asymmetric Fourier transform27 spectrometer (nanoFTIR unit from
attocube/Neaspec28,29 ) integrated in our s-SNOM system. Representative spectra are shown in Figs. 5(b) and 5(d) for the fs laser and
ANDi source, respectively, and in the supplementary material for
the reference SC source. Interferometric techniques, such as nanoFTIR, allow for a further reduction of the background and a simultaneous measurement of the electric field amplitude and phase over
the entire bandwidth of the illumination source.54 In the experiments presented here, we were limited by the responsivity of our
InGaAs photodetector to wavelengths in the range of 0.9–1.8 μm.
We show results in the wavelength range of 1.3–1.8 μm covered
by the ANDi SC source. Finally, we evaluated the performance of
the low-noise ANDi SC source, whose noise is primarily dependent
on the noise level of the pump laser47 in connection with the spectrally resolved s-SNOM measurements. As with the RIN measurements, we compare directly with the performance of the low-noise
fs pump laser. The stability of the fs laser is superior to the commercial SC source, which is reflected in the quality of the approach
curves, as shown in Fig. 5(a). The noise level is orders of magnitude lower than observed for the reference SC source for all higher
harmonics of the demodulated signal (see the supplementary material). The third and fourth demodulation orders satisfy the criterion for containing sufficient near-field contributions in the scattered signal (decay of the approach curve to below 1/e ≈ 0.37 in
less than 20 nm). The spectra measured with the nano-FTIR unit
of the s-SNOM reproduce the input spectrum [see Fig. 4(a)] well
at all displayed demodulation orders (n = 2, 3, 4) with noise levels
below 36 dB.
Based on the measured RIN of the ANDi SC source shown
in Fig. 4(c), which has a level similar to the fs laser across its full
bandwidth except for an elevated RIN observed around the pump
wavelength, we expect similar performance in the s-SNOM system. As shown in Fig. 5(c), we indeed obtain smooth approach
curves at all demodulation orders, with the third and fourth harmonics of the demodulated signal satisfying the near-field criteria.
For comparison of the noise levels, the corresponding approach
curve (n = 3) recorded with the reference SC broadband spectrum
is shown as the gray curve in Fig. 5(c) (see the supplementary
material for full details). The SuperK approach curve was measured with an integration time constant of 100 ms, whereas the
ANDi SC approach curves were recorded with 25 ms integration
time per data point. The nano-FTIR spectra shown in Fig. 5(d) of
the ANDi SC source overlap at all demodulation orders (n = 2, 3, 4)
and possess a similar noise floor. Compared to the reference SC
source (see the supplementary material), this is a major improvement, demonstrating that our ANDi SC source is compatible with
s-SNOM and enables broadband near-field spectroscopy in a single
measurement.
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IV. CONCLUSIONS
We have demonstrated near-infrared s-SNOM across the
1.3–1.8 μm wavelength range. Both localized and propagating plasmons at this wavelength are of high technological relevance for
integrated photonics due to the high degree of confinement of the
electromagnetic field, but excessive damping in nanostructured metals has traditionally been a significant hindrance for long propagation lengths as well as high-quality-factor plasmon resonances.55
Low-loss plasmons in ultrathin metal films are key in the future
development of truly nanoscale electro-optic modulators and sensors with voltage-tunable response.56,57 Our low-noise SC source
in combination with s-SNOM can be an important tool in further
experimental investigations of surface plasmon polaritons in these
promising metallic platforms since it becomes possible to map the
dispersion relation of the plasmon within a single measurement with
a few nanometer spatial resolution. The enabling technology is an
in-house built supercontinuum system using an all-normal dispersion (ANDi) fiber-based supercontinuum source that, in contrast to
conventional SC sources, enables low-noise spectroscopic measurements using the weak demodulated near-field signals extracted from
the large background present in the illumination of an s-SNOM
system. The performance demonstrated with our new system cannot be reached with existing state-of-the-art commercial SC sources.
Specifically, we have demonstrated that the relative intensity noise
(RIN) of our ANDi SC source is in the range of 0.3%–0.7% across
its full bandwidth and is comparable to the RIN (0.36%) of the
low-noise mode-locked fiber laser at 1.55 μm that pumps the ANDi
fiber. With this unique light source, we are able to spectrally resolve
the dispersion of surface plasmon polariton waves propagating on
a monocrystalline gold surface. The spectrally resolved measurements make it possible to directly distinguish SPP waves launched
at the edges of the gold surface from those launched at the tip of the
spectrometer. The spectral range covered by the ANDi SC source is
determined by the design and the transparency range of the fiber,
as well as the peak power of the pump laser. Thus, it is possible to
shift the useful spectral range and make the bandwidth broader.58
We believe that the technology presented here will be an important
part of the toolbox in nanophotonics, including the investigation
of light–matter interactions on the nanometer scale at wavelengths
relevant for applications in high speed communications,59 dielectric
metasurfaces,60 and quantum information processing.61
SUPPLEMENTARY MATERIAL
In the supplementary material, we give detailed information
about the all-normal dispersion (ANDi) supercontinuum generation
and further details on the relative intensity noise (RIN) performance
of the commercial supercontinuum light source in relation to the
s-SNOM measurements.
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P. Dvořák, Z. Édes, M. Kvapil, T. Šamořil, F. Ligmajer, M. Hrtoň, R. Kalousek, V.
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