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Abstract: The scattering-type scanning near-field optical microscope (s-SNOM) has become a power-
ful imaging and nano-spectroscopy tool, which is widely used in the characterization of electronic
and photonic devices, two-dimensional materials and biomolecules. However, in the published
literature, nano-spectroscopy is mainly employed in the mid-infrared band, and the near-infrared
(NIR) nano-spectroscopy with broadband spectral range has not been well discussed. In the present
paper, we introduce a home-built near-field NIR spectroscopy and imaging set-up that is based on a
laser-driven light source (LDLS). By mapping the Ge-Au periodic grating sample and the photonic
topology device, a ~30 nm spatial resolution and the excellent capability of characterizing complex
samples are demonstrated. Spectra obtained by experiment reveal the optical band-gap of Ge with a
spectral resolution of 25 cm−1, and a spectral range from 900 to 2000 nm. This technology is expected
to provide a novel and unique approach for near-field NIR spectroscopy and imaging.

Keywords: near-field microscopy; Fourier transform infrared nano-spectroscopy; s-SNOM; laser-
driven light source

1. Introduction

Conventional optical microscopy and micro-spectroscopy are based on the principle of
optical imaging; according to the Abbe diffraction limit theorem, the best spatial resolution
of conventional optical microscopy and micro-spectroscopy is about half of the light wave-
length. This obviously cannot meet the growing demand for exploring the nano world.
s-SNOM, which emerged at the end of the last century [1], has overcome the constraints
of the diffraction limit. Its spatial resolution can reach ~10 nm, which depends on the
sharpness of the AFM probe tip and has nothing to do with the light wavelength [2,3]. To
date, s-SNOM has been widely used in photonic and electronic devices [4,5], polymers [3],
2D materials [6,7] and biological [8] research.

The material composition and nanoscale structure are crucial attributes of nanomate-
rial characteristics. Although s-SNOM has demonstrated strong capabilities in nanoscale
optical imaging, in many more in-depth studies, the combination of absorption spec-
troscopy and s-SNOM (usually named near-field spectroscopy or nano-spectroscopy in the
reported literature) can further provide more physical properties and chemical information
of the samples [9]. In the past ten years, this growing demand for nano-spatial resolution
spectral characterization has prompted the rapid development of Fourier transform in-
frared nano-spectroscopy (nano-FTIR), which combines s-SNOM and Fourier transform
infrared spectroscopy (FTIR). With the progress of s-SNOM and the use of various advanced
broadband light sources, such as the difference frequency generation source (DFG) [10],
synchrotron radiation light source (SRLS) [11,12] and plasma light source (PLS) [13,14],
nano-FTIR has shown great potential in the research fields of semiconductor devices [4,12],
two-dimensional materials [15,16], biology [11,17–19] and polymers [20]. As far as we
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know, much work has focused on the mid-infrared band near-field spectroscopy, however,
there are only a few published works exploring those applications in the NIR band [21,22].
In many research fields, such as photonic topological devices [23], plasmonic nanostruc-
tures [21,24] and two-dimensional materials [25–28], researchers also have a huge demand
for NIR nano-spectroscopy, and this is worthy of further exploration.

In this work, we introduce the basic working principles and characteristics of LDLS,
which can cover the entire NIR band and have greater brightness. Subsequently, we describe
our home-built near-field imaging and spectroscopy set-up based on this light source. In
order to demonstrate the stability and the spatial resolution of the home-built set-up, we
use this set-up to perform near-field optical imaging of a Ge-Au periodic grating sample
and a photonic topology device. Finally, we obtain the near-field absorption spectrum of
Ge with reference to Au, and compare it with the spectrum predicted by the point dipole
model (PDM) [29] using known literature values for the dielectric functions of Ge [30].

2. Experimental Set-Up
2.1. Laser-Driven Light Source

The light source used in our set-up was a laser driven plasma light source (EQ77,
Energetiq), and its working principle is shown in Figure 1a. Focusing the laser beam
(emitted by a 50 W near-infrared diode laser) into a chamber filled with noble gas xenon
(gas pressure about 30 bar), the plasma, after ignition by an electrical discharge between
the two electrodes (the power of the discharge electrode is ~40 W), was maintained by the
diode laser. As free electrons decelerate due to the interaction with ions, atoms and other
electrons, the noble gas plasma emits a continuous spectrum (due to the cut-off of the quartz
bulb, the spectrum only covers the ultraviolet to near-infrared band). Figure 1b shows the
comparison of the spectral range and spectral radiance of LDLS, tungsten halogen source,
xenon light source and deuterium light source commonly used in VIS-NIR spectroscopy;
the data is obtained from [31]. It is noteworthy that LDLS can also be used as a black
body radiation source for mid-infrared spectroscopy by using mid-infrared-transmitting
light windows (KBr or ZnSe) [14,32,33]. Benefiting from the small focused beam spot
size with only several microns, the plasma of the LDPS is confined to a volume of an
estimated 125 µm × 320 µm tiny ellipsoid. For comparison, the filament length of tungsten
halogen lamp is about several millimeters, and the estimated plasma volume of the recently
reported plasma source based on a discharge arc [13] is 4–20 times larger than the one from
the LDLS. The smaller light emission volume of LDLS means that the emitted light has the
higher spatial coherence and.and the illuminating light can be more effectively focused
to the ~15 um long AFM tip, which acts as an optical antenna to concentrate light to the
tip apex. Note that LDLS also has an affordable cost (compared to the femtosecond laser
source [21]) and a very compact structure; it is installed in a 5 × 13 × 25 cm aluminum
chamber with a quartz window, which is very suitable for use as a table-top light source.

Figure 1. Laser-driven light source. (a) The working principle and structure of the LDLS, and
(b) comparison of the spectral range and spectral irradiance of common light sources in VIS−NIR
spectroscopy [30].
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2.2. Home-Built Set-Up and Working Mechanism

The schematic diagram of our home-built set-up is shown in Figure 2. It is mainly
composed of an LDLS, a Michelson interferometer (FTIR), a modified atomic force micro-
scope (AFM) and a signal processing system. The light emitted by the LDLS is collimated
by the first off-axis parabolic mirror (OAP) (f = 50.8 mm, NA = 0.375). In order to filter out
the unwanted stray light and improve the spatial coherence, the beam was focused by the
second OAP through a 30 µm diameter pinhole for spatial filtering, and then collimated
again by the third OAP. The beam power passing through the pinhole was measured to be
~17.8 mW (PM100D, Thorlabs, North Newton, USA). Subsequently, the collimated beam
was focused by the fourth OAP (f = 25.4 mm, NA = 0.5) onto a commercial dynamic mode
metallic AFM probe tip (Arrow NCPt, NanoWorld, Neuchatel, Switzerland). As a result,
the interaction between the tip, light and sample induces scattered light that contains the
spectral characteristics of the sample. Then, this scattering light was collected by an OAP
and sent to FTIR, finally detected by the detector (PDA10D, Thorlabs).

Figure 2. Home-built near-field spectroscopy and imaging set-up with a laser-driven light source.
(a) Schematic of the set-up, and (b) physical image of our home-built set-up.

It should be pointed out that the detector detects the sum of scattered light, although
there is an obvious field enhancement in the tip-sample region; however, this region is still
too small (a tip apex radius of about 10–20 nm), relative to the focal spot radius (in this
set-up it is ~15 µm). The near-field scattering signals were obliterated in the useless far-field
scattering signals of the sample, tip and probe cantilever. It is necessary to eliminate these
far-field scattering signals when the set-up is working. Therefore, AFM adopted the tapping
mode, and when the AFM probe vibrated at a frequency Ω in the z direction (the tapping
frequency is ~270kHz, the amplitude is about ~60 nm), the near-field signals in the tip-
sample region periodically changed with the distance of the tip-sample nonlinearly. In the
signal processing system, the lock-in amplifier (HF2LI, Zurich Instrument) demodulated
the detector signals at a higher harmonic frequency (nΩ, n = 2, 3, . . . ) [9,34], then the
near-field signals from the tip-sample region could be effectively extracted.

The reference mirror was controlled by a high-precision linear stage (L511, PI). On the
one hand, the set-up can be used as an s-SNOM (mapping the lock-in signal of the sample)
when the interference mirror is fixed at the zero path difference (ZPD) position. On the
other hand, it can be used as a nano-FTIR when we acquire interferograms by collecting
the lock-in signal and sweeping the linear stage (moving the reference mirror). Then, the
near-field spectrum can be obtained by the Fourier transform of the interferogram.

3. Experimental Results and Analysis
3.1. Near-Field Imaging

Using the approach curve to judge the extraction effect of the near-field signal is
a common method in the field of s-SNOM [2,13,35–37]. Figure 3 plots the approach
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curve on the Au surface. This approach curve is obtained by setting the reference mirror
to the ZPD position and recording the 2Ω signal (lock-in amplifier demodulates with
the second harmonic), as we retract the sample away from the AFM tip. The near-field
signal decays exponentially with the increase in the tip-sample distance, which shows that
the near-field signal can be effectively extracted when the second harmonic is used for
signal demodulation.

Figure 3. Normalized approach curve obtained at the second harmonic with the reference mirror set
to the ZPD position.

For demonstrating the spatial resolution, we fabricated, using the lift-off technique, a
5 mm × 5 mm Ge-Au periodic grating sample on a Ge substrate. As shown in Figure 4, the
thickness of the Au film in the sample is about 20 nm, and the grating period is ~1.5 µm.
Setting the reference mirror to the ZPD position, we then take an AFM topography scan
across the Ge-Au region, and the second harmonic near-field optical signal is simultane-
ously recorded. The experimental results are shown in Figure 4, in which Figure 4a is an
AFM topography imaging, and Figure 4b is the imaging of the second harmonic near-field
signal. Figure 4c,d correspond to the line scanning of the white dashed lines in Figure 4a,b.
Figure 4c shows a decrease (~20nm) in the topography height of the Au-Ge edge, and in
Figure 4d the intensity of the near-field signal also has a sharp decrease within a scanning
distance of ~30nm. These results suggest that the spatial resolution (~30 nm) of our set-up
is on the order of the diameter of the AFM tip-apex and not limited by the diffraction limit
of the illumination wavelength.

The topographic features of the Ge-Au grating sample are on the order of micrometers,
and its AFM image is very similar to s-SNOM, which only reflects the characteristics of the
material itself. As we known, the optical response of a photonic device is not only related
to the material, but also closely related to the nanoscale geometry of the device. In order
to demonstrate that our set-up can be used to observe the novel optical phenomena in
complex photonic devices, we also performed near filed imaging of a photonic topology
device, as shown in Figure 5. The device was fabricated on a silicon-on-insulator (SOI)
chip, and was an equilateral triangle with a side length of 40 µm. The geometric structure
and topography is shown in Figure 5a. It consists of a photonic crystal with a lattice
formed by a matrix of round holes (filled with air) in high-index silicon. Figure 5b is the
near-field optical imaging of this device. Photonic topology device offers novel approaches
to confine and control electro-magnetic radiation at boundaries of topologically distinct
materials in analogy with exotic condensed matter phenomena. In this triangular photonic
topology device, electromagnetic radiation is significantly enhanced at the edges of the
device, creating a phenomenon known as “boundary modes”, which form a bright stripe
along the edge. References [5,38,39] present a detailed introduction to this novel and
interesting phenomenon.
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Figure 4. (a) AFM topography (the blue and red points are the positions of the AFM probe when
the spectrum was collected in Figure 6) and (b) the second harmonic near-field amplitude image
obtained simultaneously on a Ge-Au periodic grating sample with the reference mirror set to the ZPD
position. (c) Represents a line scanning (white dashed line) averaged over 6 consecutive horizontal
lines on the topography scan, while (d) represents the same location for the near-field line scanning,
and a spatial resolution of ~30 nm is demonstrated.

Figure 5. (a) AFM topography and (b) the second harmonic near-field amplitude image obtained
simultaneously on a photonic topology device with the reference mirror set to the ZPD position.

3.2. Near-Field Spectroscopy

To demonstrate the LDLS capability as a broadband NIR light source for near-field
spectroscopy on the Ge-Au grating sample, the AFM tip was set at points in the Au and
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Ge regions (corresponding to the red and blue points in Figure 4a) to collect the spectra.
The reference mirror, which controlled by the high-precision linear stage, was operated in
a step-scan mode, with a step size of 100 nm and step dwell time of 50 ms. The reference
mirror scanned with a total distance of 200 µm, resulting in an optical path difference of
400 µm, corresponding to the spectral resolution 25 cm−1 obtained by the Fourier transform.
For an acceptable signal-to-noise ratio, 6 interferograms were averaged, resulting in a total
acquisition time of ~10 min per spectrum.

Figure 6a,b show the interferograms acquired with the tip on Au and Ge regions,
respectively. Figure 6c shows the spectra of Au (blue line) and Ge (red line) obtained by the
fast Fourier transform of the interferograms. Figure 6d presents the absorption spectrum of
Ge (the red line) normalized to the Au reference spectrum ((S2,Au(v)-S2,Ge(v))/S2,Au(v)). We
can observe that the absorption spectrum of Ge decays rapidly in ~1500 nm (~6700 cm−1),
which corresponds to the well-known optical band gap of Ge [29]. The point dipole model
is the most commonly used model in near-field spectrum prediction [9,40]; in Figure 6d,
we also present the simulated spectrum (the blue line), which was calculated by the point
dipole model. The spectrum obtained in the experiment had the expected semi-quantitative
agreement with the spectrum simulated by PDM.
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Figure 6. (a)The interferogram of Au and (b) the interferogram of Ge. The interferograms were
collected at the points when the AFM tip was set in the Au and Ge regions (corresponding to the
red and blue points in Figure 4a). All of them were obtained at second harmonic demodulation.
(c) The near-field spectra of Au (blue line) and Ge (red line) obtained by the fast Fourier transform of
the interferograms. (d) The red line is the near-field absorption spectrum of Ge normalized to Au
((S2,Au(v)−S2,Ge(v))/S2,Au(v)), and the blue line is the spectrum predicted by the point dipole model.
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4. Summary and Outlook

Exploring and developing different wavelength bands and different types of light
sources is essential to the development of s-SNOM and nano-FTIR [9]. With the introduction
of the LDLS, we demonstrated that it is a promising NIR light source capable of being
used for near-field imaging and spectroscopy. The near-field images and spectra were
obtained in our experiment demonstrate that our home-built set-up has a spatial resolution
of ~30 nm and allows the optical band gap of Ge to be observed with a spectral resolution of
25 cm−1 and a spectral range from 900 to 2000 nm. With our first report on the application
of LDLS to s-SNOM and nano-FTIR, considering the performance, affordable cost and
compact size, we believe this approach has great potential in the nanoscale identification,
quality control, and characterization of materials and devices. Further application studies
and expanding the spectral to visible bands (LDLS can cover the VIS-NIR band, which is
currently limited by the detector) are ongoing in our laboratory.
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