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ABSTRACT
Super-resolution microscopy in the visible is an established powerful tool in various disciplines. In the long-wave infrared (LWIR) spectral
range, however, no comparable schemes have been demonstrated to date. In this work, we experimentally demonstrate super-resolution
microscopy in the LWIR range (kIR  10–12 lm) using IR-visible sum-frequency generation. We operate our microscope in a wide-ﬁeld
scheme and image localized surface phonon polaritons in 4H-SiC nanostructures as a proof-of-concept. With this technique, we demonstrate
an enhanced spatial resolution of kIR =9, enabling to resolve the polariton resonances in individual sub-diffractional nanostructures with
sub-wavelength spacing. Furthermore, we show that this resolution allows us to differentiate between spatial patterns associated with different polariton modes within individual nanostructures.
C 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
V

creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0081817

In classical light microscopy, the imaging resolution is deﬁned by
the diffraction limit of light pointed out by Abbe1 leading to a spatial
resolution limited by the imaging wavelength and the numerical aperture of the objective. Many techniques have been developed and demonstrated to overcome this diffraction limit, such as stimulated
emission depletion (STED) microscopy,2 structured illumination
microscopy (SIM),3 and stochastic optical reconstruction microscopy
(STORM).4 All techniques listed above rely on ﬂuorescence, limiting
these approaches to naturally ﬂuorescent or functionalized samples.5
In contrast, nanotip-based approaches such as scattering-type
scanning nearﬁeld optical microscopy6 (s-SNOM) and photothermalinduced resonance (PTIR) microscopy7 have attracted wide attention.
These methods provide deeply sub-wavelength imaging that no longer
relies on ﬂuorescence, but often suffer from the nanotip inﬂuencing
the measurement.8 One alternative to these established approaches is
nonlinear-optical frequency mixing, such as sum-frequency generation
(SFG),9 providing label-free far-ﬁeld access. Here, the light at the
resonant imaging wavelength is upconverted with a second, nonresonant light source at a much shorter wavelength providing resonant
contrast given by the former, and high spatial resolution deﬁned by
the latter.
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Speciﬁcally, in infrared-visible (IR-VIS) SFG, two laser beams of
frequencies xIR and xVIS are overlapped spatially and temporally in a
second-order nonlinear material, i.e., an interface or a bulk material
with broken inversion symmetry, which results in the emission of a
third beam of a frequency xSFG ¼ xIR þ xVIS . A schematic of the
process is depicted in Fig. 1(a). SFG is an even-order non-linear technique, which allows the investigation of materials with broken inversion symmetry, therefore making SFG interface speciﬁc.9 Several
previous works have employed SFG to perform microscopy, but these
approaches were limited to the mid-IR spectral region, where the small
ratio of  4 between IR and VIS wavelengths limits the achievable
improvement of the spatial resolution.10–13
A large improvement of the spatial resolution can be envisioned
when employing SFG microscopy in the long-wave infrared (LWIR)
spectral region. In this frequency range, optical phonon resonances in
polar crystals leading to the formation of surface phonon polaritons
(SPhPs) have recently been investigated extensively.14,15 In the context
of super-resolution microscopy, the conﬁnement of surface polaritons
in subdiffractional nanostructures, called localized SPhPs, is of great
interest.16,17 Localized SPhPs are supported between the transversal
optical (TO) and the longitudinal optical (LO) phonon frequencies of
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FIG. 1. (a) SFG process. (b) SEM image of a 4  4 nanopillar patch, consisting of
NPs with a diameter of 2 lm, a period of 5 lm, and a height of 1 lm taken under
an angle of 30 . (c) Scheme of the microscope setup. The visible beam illuminates
the sample from the back in normal incidence. The IR-FEL beam illuminates the
sample from the front under an incident angle of 50 . The SFG light is collected by
the microscope consisting of a 50 objective and a 200 mm tube lens. Several ﬁlters block the VIS light from entering the CCD camera chip. Here, only the SFG signal is ﬁnally imaged.

polar crystals, i.e., within the Reststrahlenband. For these localized
SPhPs, the local IR ﬁelds are drastically enhanced,15 which, in consequence, leads to a resonant enhancement of the nonlinear signal
emission.17,18 More speciﬁcally, nanopillar arrays made from SiC can
support both monopolar and dipolar resonances, characterized by
predominantly normal-to-surface and parallel-to-surface optical ﬁeld
enhancements, respectively.15,16 Previous work demonstrated the concept of LWIR SFG microscopy using a scanning-focus approach,18 but
the spatial resolution was inherently limited by the focus size.
In this work, we achieve super-resolution in LWIR imaging using
wide-ﬁeld SFG microscopy. We employ a tunable narrowband IR
free-electron laser (IR-FEL) and a temporally synchronized VIS laser
(kVIS ¼ 527 nm) for resonant SFG imaging in a home-built wide-ﬁeld
microscope. As a proof-of-concept, we image phonon polariton resonances in 4H–SiC sub-diffractional nanostructures and their collective
response.16–19 Using this approach, we demonstrate a spatial resolution of kIR =9. By choosing different IR wavelengths, we can excite
monopolar or dipolar SPhP modes in SiC nanopillars.
IR and VIS laser beams illuminate the sample under an incidence
angle of 50 and from the backside under normal incidence,
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respectively. The generated SFG light is collected by an objective and
imaged on a camera, see Fig. 1(c). As a mid-IR light source, we use the
FEL installed at the Fritz Haber Institute, a high-power laser source
offering a tunable wavelength in the mid- to far-IR range (3–50 lm)
with a narrow bandwidth on the order of 0.3%. The FEL emission consists of macro-pulses of approximately 8 ls duration generated at a
repetition rate of 10 Hz, while each macro pulse contains about 500
micro pulses of few-ps duration at a repetition rate of 55.5 MHz.20 We
excite the sample with the FEL pulses at kIR  11 lm with an energy
of 5 mJ in the macro pulse and 9 lJ in the micro pulse. The VIS light
source is a frequency-doubled 1054 nm table-top 55.5 MHz ﬁber oscillator (oneﬁve Origami-HP) with a pulse length of 100 fs, providing
light at a wavelength of 527 nm with 10 nJ/pulse on the sample. Both
beams are polarized parallel to the incidence plane and focused mildly
to spotsizes of 500 lm (IR) and 200 lm (VIS), providing a high
damage threshold. The temporal overlap of VIS and IR laser pulses is
achieved by an RF-based synchronization and veriﬁed by optical cross
correlation using a phase-matched GaSe crystal. For more details on
the timing and synchronization system, see Ref. 21.
The SFG light generated in the sample is collected by the microscope consisting of a 50 long working distance objective (Mitutoyo
M Plan Apo 50, NA ¼ 0.55, working distance wd ¼ 13 mm) and a
200 mm tube lens. The axis of the objective is perpendicular to the
sample surface. Behind the objective, the VIS beam at kVIS ¼ 527 nm
is blocked by several ﬁlters (tunable bandpass 547/15, Semrock and
single-band bandpass 500/24, Semrock). The SFG light at kSFG
 500 nm is detected with a high-sensitivity, electron multiplied CCD
camera (PI-MAX 4, Teledyne Princeton Instruments). For every
image, 100 FEL macro pulses are averaged corresponding to an acquisition time of 10 s/image. The wide ﬁeld approach provides a ﬁeld of
view of 275  275 lm with a 50 magniﬁcation.
In order to demonstrate the capabilities of the microscope, we
image localized SPhPs in SiC nanopillars (NPs).16–19 The crystal structure of SiC inherently has a broken inversion symmetry, therefore
providing SFG signal from the SiC bulk and the SPhPs modes in the
NP volume. In the given geometry, only one unique non-vanishing
ð2Þ
ð2Þ
element vxzx ¼ vyzy of the second order nonlinear susceptibility vð2Þ
tensor can contribute to the nonlinear signal. Thus, our experiment
exclusively probes the normal-to-surface components of the local IR
ﬁelds EIR;z .22 Previous work showed that the enhanced local optical
ﬁelds at the polariton resonances are responsible for the enhancement
of the nonlinear signal17,18 since the nonlinear susceptibility vð2Þ is featureless in this spectral region.22 Notably, the resonant frequency of
these localized modes depends on the size and shape of the nanostructures as well as on the arrangement and coupling within an array of
many individual nanostructures.15,17,18,23
For this experiment, all the SiC nanopillar arrays are fabricated
into semi-insulating 4H-SiC substrates using a standard electron beam
lithography (EBL) process. A 250 nm PMMA 950 A4 layer was spincoated at 3000 rpm followed by deposition of 10 nm-thick chromium
as the conduction layer using thermal evaporation. The patterns were
then deﬁned using EBL followed by depositing 100 nm-thick Nickel as
a dry etch mask using electron beam evaporation. The SiC nanopillars
were etched using reactive ion etching (RIE) using a mixture of O2
and SF6 at an etching rate of 375 nm/min, and all the nanopillar structures are etched to 1 lm height. The Nickel mask was removed by
aqua regia after the RIE process. Here, we show data based on NP
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square arrays ranging from 1  1 to 9  9 pillars. Within each array,
the NPs have a period of 5 lm and pillar diameters of 1 lm or 2 lm.
An exemplary scanning electron microscope (SEM) image of a 4  4
NP array is shown in Fig. 1(b).
Figure 2(a) shows an SFG image of a 4  4 array of SiC NPs. We
resolve the localized SPhP resonance in individual sub-diffractional
NPs with sub-wavelength spacing. This provides the opportunity to
estimate the spatial resolution of the microscope. For this purpose, we
examine the images taken at the IR frequencies according to the
monopole resonance of each nanopillar array, i.e., wavelengths
between 11.6 and 11.8 lm.16 Speciﬁcally, we analyze horizontal and
vertical line proﬁles, as exempliﬁed by the white lines plotted in Fig.
2(a). The corresponding line proﬁles are shown in Figs. 2(b) and 2(c).
Here, the blue dots show the measured SFG intensity, while the red
solid lines show related double-error function ﬁts according to
"
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(1)
Here, a is the intensity amplitude, b is a constant vertical offset,
and c is the position of the error function. l represents the center position of the pillar and r is the standard deviation of the Gaussian
broadening. The spatial resolution R is calculated with R ¼ 2:9  r.24
For statistical analysis, we imaged nanopillar square arrays of sizes
n  n, where n ¼ 1, …, 9. Therefore, we have ﬁt parameters of 276
individual nanopillars with a diameter of 1 lm. All ﬁtted values for
the horizontal and vertical resolution are plotted in histograms shown
in Figs. 2(d) and 2(e). The resulting normal distribution is ﬁtted with
a Gaussian (red line) leading to a horizontal resolution of
ð1:35 6 0:13Þ lm and a vertical resolution of ð1:39 6 0:13Þ lm. The
variance of the distribution of extracted resolution values from each
NP shown in Figs. 2(d) and 2(e) is likely caused by signal amplitude
noise in combination with the ﬁnite pixel size of the camera.
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With our microscope, we are able to resolve localized SPhP resonances in individual nanopillars with a size and spacing much smaller
than the resonant wavelength. These results show clearly that we
achieve super resolution of the IR wavelength by a factor of kIR =9.
The spatial resolution for SFG microscopy is ultimately limited by the
diffraction limit of the SFG light, RAbbe ¼ kSFG =ð2NAÞ ¼ 0:458 lm
with kSFG ¼ 504 nm and NA ¼ 0:55, which is about 1/3 of the value
achieved here. Since the mode volume of the localized SPhPs is ﬁnite
and on the order of the size of the NPs,15 the extracted value represents
the convolution between the spatial extent of the mode and the resolution of the microscope. Therefore, R  1:4 lm is the upper limit of
the resolution of the microscope. Additionally, we cannot exclude
imperfect alignment of the focusing plane as well as mechanical noise
in the home-built microscope as potential contributions to the experimentally achieved resolution.
A spatial resolution on the order of the size of the nanophotonic
structures provides the opportunity to study the origin of the SPhP
modes. In Figs. 3(a) and 3(b), we present SFG images taken at two different IR wavelengths. The images were taken at the same sample position and show a line of four NPs with a diameter of 2 lm. The white
circles indicate the physical pillar size. In Fig. 3(a), we observe a single
peak of SFG intensity for each NP, while in Fig. 3(b), we observe a
double peak. The different behavior is reﬂected in the line proﬁles, Fig.
3(c), corresponding to the white lines in Figs. 3(a) and 3(b), showing a
single and a double peak, respectively. This observation is consistent
with monopole and dipole modes being excited at these two different
wavelengths, shown in Figs. 3(a) and 3(b), as expected from previous
work.15,25 The images are in good agreement with simulations of the
electric ﬁeld distribution of SPhPs in SiC NPs, showing that the monopole mode arises on the top of the nanopillars and the dipole mode
arises from the edges of the nanopillars.15,25
In our work, we demonstrate IR super-resolution microscopy
using sum-frequency generation in a wide-ﬁeld approach. We image
individual sub-wavelength nanostructures with sub-diffractional

FIG. 2. (a) SFG microscope image of the 4  4 nanopillar array with a pillar diameter of 1 lm. The white lines indicate the position of the line proﬁles shown in (b) and (c).
Blue dots show the measured SFG intensity, and the solid red lines show ﬁts by a series of double error functions, see Eq. (1). (d) and (e) show histograms over all nanopillars
(square arrays 1  1 to 9  9) for the vertical and horizontal resolutions. A Gaussian ﬁt gives a resolution of 1:35 and 1:39 lm for horizontal and vertical directions,
respectively.
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DATA AVAILABILITY
The data that support the ﬁndings of this study are openly available in Long-wave infrared super-resolution wide-ﬁeld microscopy by
sum-frequency generation—experimental data,, at https://doi.org/
10.5281/zenodo.5771605, Ref. 29.
REFERENCES
1

FIG. 3. SFG images of the nanopillars resonant with the (a) monopole and (b)
dipole modes at different IR wavelengths. The physical pillar size is indicated by
the white circle. (c) Line proﬁles along the white lines in (a) and (b) are plotted,
showing the ability of resolving a two-peak-behavior on top of the nanopillar in the
dipole mode in comparison to the monopole mode.
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