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Scattering scanning near-field optical microscopy (s-SNOM) has emerged

as a powerful imaging and spectroscopic tool for investigating nanoscale het-

erogeneities in biology, quantum matter, and electronic and photonic devices.

However, many materials are defined by a wide range of fundamental molec-

ular and quantum states at far-infrared (FIR) resonant frequencies currently

not accessible by s-SNOM. Here we show ultrabroadband FIR s-SNOM nano-

imaging and spectroscopy by combining synchrotron infrared radiation with a

novel fast and low-noise copper-doped germanium (Ge:Cu)photoconductive de-

tector. This approach of FIR synchrotron infrared nano-spectroscopy (SINS)

extends the wavelength range of s-SNOM to 31µm (320 cm−1, 9.7 THz), ex-

ceeding conventional limits by an octave to lower energies. We demonstrate this

new nano-spectroscopic window by measuring elementary excitations of exem-

plary functional materials, including surface phonon polariton waves and optical

phonons in oxides and layered ultrathin van der Waals materials, skeletal and

conformational vibrations in molecular systems, and the highly tunable plas-

monic response of graphene.

Near-field nanoscopy attracts increasing scientific attention, specifically in the implemen-

tation of infrared scattering type scanning near-field optical microscopy (IR s-SNOM) [1–4].

It provides for nano-imaging and -spectroscopy down to few nanometer length scales, gaining

insight into molecular orientation [5] and coupling [6], catalytic activity [7], heterogeneity

in electron and lattice dynamics [8, 9], and plasmonic and polaritonic effects in quantum

matter [10–13] with recent extension to the low temperature [9, 14] and ultrafast regimes

[15–18]. Despite these significant developments, s-SNOM has largely been limited to a nar-

row range of the electromagnetic spectrum of the near- to mid-IR at high frequencies, and

the RF [19] and low THz [20] regime at low frequencies.

However, the far-infrared (FIR) spectral range (10 - 700 cm−1, 14 - 1000 µm, 0.3 - 20

THz, 3 - 190K) has yet remained largely unexplored in s-SNOM, despite the significance

of its low-energy molecular and quantum state resonances that define material functions

from condensed matter physics to biology and medicine. Many fundamental excitations and

collective modes in solids have characteristic energies in the FIR, including the free carrier

Drude response, crystal lattice vibrations, charge density waves, superconducting energy

gaps, magnetic excitations, surface plasmon and phonon polaritons, and others (Figure 1a)
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FIG. 1: a) Infrared energy scales and associated phenomena in molecular and quantum matter; b)

Top: ultrabroadband SINS experimental configuration with extension to far-infrared frequencies;

bottom: SINS reference spectrum using MCT (black curve) and Ge:Cu (red curve) detectors,

demonstrating extended near-field spectroscopic performance at frequencies down to 320 cm−1.

[21]. Similarly, in soft and biological molecular materials, the FIR provides spectral access to

structurally specific (’fingerprint’) vibrations and conformations via skeletal, torsional, and

deformation modes, that allow for direct probing of, e.g., secondary structure in proteins

[22].

The extension of s-SNOM into the FIR range has largely been hampered by the lack

of both suitable light sources and detectors. On the high frequency side, IR s-SNOM is

performed with different femtosecond laser based supercontinuum and parametric generation

sources for broadband or broadly tunable mid-IR radiation, yet limited by suitable nonlinear

optical crystals for frequency conversation to wavelengths < 18 µm [23]. At low frequencies,

THz s-SNOM nano-imaging is performed with continuous wave THz sources, such as gas

lasers and QCLs at a limited number of fixed frequencies [20, 24], or with broadband THz

light generated from photoconductive antennas, limited to < 3 THz [25–27] and low power

output.

To date far-IR s-SNOM has only routinely been achieved using a free electron laser

(FEL) [28] that provides the necessary high intensity quasi-cw radiation as needed for s-

SNOM spectroscopy. Although in principle continuously tunable from 1.5 - 75 THz (50 -

2500 cm−1, 4 - 200 µm), nano-spectroscopy would be difficult, time consuming, and has
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not yet been demonstrated. In contrary and most desirable for nano-spectroscopic imaging

would be a broadband FIR light source with simultaneously high bandwidth and spectral

irradiance across the full 10 - 30 THz (330 - 1000 cm−1, 10 - 30 µm) spectral range. Not only

does the enabled signal multiplexing and self-referencing eliminate multiple noise sources,

but it also allows for the simultaneous probing of multiple characteristic material resonances,

as desirable in monitoring kinetics of phase transitions or chemical transformations on the

nanoscale.

In addition to limitations in the availability of suitable light sources is a lack of far-infrared

detectors with the necessary speed and sensitivity for FIR s-SNOM. Mid-IR detectors based

on small bandgap semiconductor alloys, such as Hg1−xCdxTe (MCT), have a long-wavelength

cutoff typically at 600 cm−1, with extension to lower frequency at the expense of drastically

reduced sensitivity and challenged by material limitations. On the other hand, conventional

FIR detectors such as pyroelectric deuterated triglycine sulfate (DTGS) or liquid helium

cooled Si bolometers only operate at < few kHz frequencies and have too slow response

times. Extrinsic impurity photoconductors based on doped Si or Ge offer fast intrinsic

response times (< 100 ns) and small bandgaps in the FIR, yet in their usual implementation

are plagued by excess thermal background and electronic noise, rendering them unsuitable

for s-SNOM (see Supplementary Information for extended discussion).

In this letter, we demonstrate ultrabroadband near-field nano-spectroscopy covering the

qualitatively new regime of far-IR s-SNOM. We utilize synchrotron radiation, which provides

a low-noise, broadband, and coherent light source with high spectral irradiance spanning

from THz to the extreme UV region [29]. To detect the tip-scattered near-field FIR signal we

have developed a custom, MHz bandwidth Ge:Cu photoconductor with superior sensitivity

for spectroscopic FIR s-SNOM nano-imaging. With this approach we are able to extend the

wavelength range of s-SNOM by one octave, overcoming conventional limits, down to 31µm

(320 cm−1).

To demonstrate the performance in this new spectral regime, we probe previously in-

accessible types of excitations with far-IR s-SNOM. This includes low energy phonons in

anisotropic bulk crystalline media, as well as layered van der Waals systems, of interest for

potential nano-photonics applications as natural hyperbolic materials. Skeletal deformations

and torsional modes in organic semiconductor films allow for the simultaneous nano-probing

of several vibrational degrees of freedom in molecular materials, which heavily influence
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FIG. 2: FIR s-SNOM spatio-spectral characteristics. a) Tip-sample distance dependence in 2nd

(blue trace) and 3rd (green trace) order demodulation of the tip tapping frequency (75-300 kHz). b)

Far-IR nano-imaging of 25 nm-thick SiO2 hole array, with AFM topography (top), and spectrally-

integrated SINS amplitude signal S2 (bottom), demonstrating near-field contrast between the pat-

terned SiO2 and underlying Si substrate with ∼30 nm spatial resolution (inset). Scale bar is 200

nm. c) Spatio-spectral line scan (450 nm x 40 px) with trajectory indicated by dotted line in b),

showing broadband SINS amplitude S2(ω) (top) and phase Φ2(ω) (bottom) of asymmetric Si-O

bend (460 cm−1) and stretch (1200 cm−1) phonon bands in SiO2.

the low energy electronic and transport properties of functional devices. We access the

THz plasmonic regime in graphene, including plasmon-phonon substrate interactions, and

demonstrate a high degree of gate tunability. Lastly, we provide a platform to extend to yet

longer wavelengths by combining with other extrinsic Ge detectors.

Figure 1b displays a schematic of the ultrabroadband s-SNOM nano-spectroscopy im-

plementation, based on an atomic force microscope (AFM) using metal-coated tips, and

interferometric detection as described previously [29]. IR synchrotron radiation is provided

by the Advanced Light Source (ALS) at Lawrence Berkeley National Laboratory in two

experimental configurations: Beamline 5.4, employing a specially modified AFM (Innova,

Bruker) coupled to a commercial FTIR Spectrometer (Nicolet 6700, Thermo-Scientific), and

Beamline 2.4 using a commercial nanoscope (neaSNOM, Neaspec GmbH), to measure the

spectral near-field scattering amplitude and phase response |S(ω)|eiΦ(ω). As a direct probe
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of the sample dielectric function, broadband s-SNOM amplitude and phase typically exhibit

simple dispersive and absorptive lineshapes, respectively, for weaker oscillators, and a more

complicated hybrid response for strongly resonant and collective excitations [23, 30]. The

customized LHe-cooled Ge:Cu detector for synchrotron infrared nano-spectroscopy (SINS)

provides a broadband response (2 - 31 µm) and suitable sensitivity (D∗ > 1010cm·
√
Hz/W ).

The low energy cutoff of Ge:Cu of 31 µm (320 cm−1), limited by impurity band transitions

from the Ge valence band edge, represents over a factor of two extension in wavelength

compared to conventional MCTs (bottom panel in Fig. 1b). Complete details of the ex-

perimental setup, measurements, and Cu:Ge detector can be found in the Supplementary

Information.

We first demonstrate the ultrahigh nanometer spatial resolution capability of FIR s-

SNOM in SINS. Figure 2a,b shows the vertical and lateral field localization, respectively,

of FIR synchrotron radiation by the AFM tip. s-SNOM approach curves (Fig. 2a) at 2nd

and 3rd order tip demodulation (see Supplementary Information), demonstrate the few-nm

confinement of the long wavelength tip-scattered light. Figure 2b shows a 1 µm2 image of

a patterned SiO2/Si test sample with AFM topography (top) and spectrally-integrated FIR

SINS amplitude |S2| (bottom), revealing strong dielectric contrast between SiO2 and Si with

∼ 30 nm spatial resolution (Fig. 2b inset), corresponding to λ/1100.

Figure 2c shows a nano-spatiospectral line scan, reflecting the real and imaginary spectral

dielectric response across a 200 nm hole in SiO2, indicated by the white dotted line in Fig.

2b and normalized to a Au reference. The spectral features are the surface optical phonon

polaritons of SiO2, due to the asymmetric Si-O stretch vibration near 1200 cm−1 [30], and

the previously inaccessible 460 cm−1 asymmetric Si-O bending mode [31]. This low energy

mode is especially important for coupling to far-IR surface plasmons in ultrathin materials

(see below), and highlights the ability of SINS for simultaneous probing of multiple spectrally

separated material resonances with < 30 nm spatial resolution.

We present additional FIR SINS spectra of representative classses of other material sys-

tems in Figure 3, which exhibit important low energy resonant features. Figure 3a first

shows the FIR SINS spectra of SiO2 with and without an ultrathin single sheet of graphene

on top. The presence of monolayer graphene significantly modifies the local FIR response,

with increased absorption as seen in the near-field phase due to the excitation and strong

interaction between graphene plasmons and SiO2 substrate phonons that we explore in more
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FIG. 3: FIR SINS amplitude |S2(ω)| (top curves) and phase Φ2(ω) (bottom curves) spectra of

selected material systems. a) SiO2 with (dark traces) and without (light traces) a graphene over-

layer, showing graphene plasmon-induced modification of the FIR near-field response. b) Low

energy Eu and A2u phonon bands for strongly resonant c-cut sapphire. d) Thickness-dependent

E1u in-plane and A2u out-of-plane optical phonons of layered van der Waals material MoS2. (d)

Molecular semiconductor PTCDA, showing vibrational modes from skeletal deformations in the IR

fingerprint range. Inset compares Φ2(ω) for two adjacent crystal grains with differing orientation,

with the respective IR-active modes indicated by arrows. Cartoon schematics above data panels

depict the resonant excitations probed by tip.

detail below. Strong light-matter interactions in the near-field for polar dielectrics and other

crystalline materials can result in very large scattering amplitudes exceeding highly reflective

non-resonant surfaces such as Au. Figure 3b shows the reststrahlen region of c-cut sapphire

(Al2O3) for its Eu and A2u optical phonon branches, covering the range where its hyperbolic

response is due to an intrinsic optical anisotropy [32].

Using FIR SINS, we have the sensitivity to even probe weak excitations in layered and

molecular materials. Figure 3c shows van der Waals material MoS2, with its A2u out-of-

plane mode at 468 cm−1 and E1u in-plane mode [33] at 384 cm−1 for a number of exfoliated

flakes of different thicknesses. We are able to discern these phonon features for MoS2 layers

down to 7 nm in thickness, demonstrating a unique symmetry sensitivity, even in layered
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systems with small interlayer coupling. FIR SINS can also be used as an orientational

probe in molecular solids. Figure 3d shows a range of skeletal and deformation modes in

the aromatic ring structure of organic semiconductor perylenetetracarboxylic dianhydride

(PTCDA), including both in-plane (B1u, B2u) and out-of-plane (B3u) bending vibrations

(e.g. δC−C−C , δC=O−C , etc.) [34], for a relatively uniform, thick film. The relative intensity

of these modes can be used to map the spatial distribution at the single crystallite level [5],

as seen by comparing two adjacent PTCDA grains within a few hundred nanometers in a

more heterogeneous area of the sample (Fig. 3d inset).

Investigation of molecular and low-dimensional materials often necessitates controlled

modification of external parameters. Graphene attracts much attention because of its in-

herently tunable IR and THz plasmonic response, though extremely sensitive to local in-

teractions and coupling to the underlying substrate. Figure 4a demonstrates modulation of

the far-IR SINS signal of a functional graphene/SiO2 device subject to in situ electrostatic

tuning of the back gate voltage VGS. We observe a significant modification of the far-IR

response with gate bias, with a strong enhancement of both |S2(ω)| (top, red shaded curves)

and Φ2(ω) (bottom, blue shaded curves) for negative voltages, and a nearly full suppression

for high positive voltages above +50 V, approaching the intrinsic response of the underlying

SiO2 (black curve).

The voltage-dependent response of graphene additionally displays strong far-IR contrast

in spectrally-integrated SINS nano-imaging (Fig. 4b), with a bright stripe within few hun-

dred nm of the graphene/SiO2 edge at low gate bias (middle panel), whereas at higher

voltage the image contrast weakens and becomes more uniform with the adjacent SiO2 sub-

strate (bottom panel). Lastly, Fig. 4c reveals a rich spectral structure in |S2(ω)| and Φ2(ω)

confined to within 300 nm of the graphene/SiO2 interface, yet at far-IR wavelengths down

to 31 µm. The spectral response observed is the result of gate-tuning of the free carrier

Drude response in graphene, superimposed with the excitation of surface plasmon polariton

waves that are launched by the metallic probe tip, and propagate radially away and interfere

with reflected waves from the graphene/SiO2 edge, observed previously in monochromatic

mid-IR s-SNOM nano-imaging [10, 11, 35]. The combined data in Fig. 4 thus demonstrate

expansion into the FIR plasmon tuning range of graphene, opening a new regime in this and

related 2D materials.

The material responses probed in this work demonstrate the capability of FIR SINS
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line), showing modulation of free carrier Drude response and plasmon absorption in graphene. b)

SINS nano-imaging of graphene/SiO2 interface for highly-doped (VGS = +15 V, middle panel)

and low-doped (VGS = +50 V, bottom panel) graphene. c) SINS spatio-spectral line scan across

doped-graphene/SiO2 boundary, demonstrating nanometer broadband spectroscopic access to far-

IR surface plasmon polariton (SPP) waves in graphene down to 320 cm−1. The SPP dispersion

as a function of energy can be observed directly near the graphene edge, where reflected surface

waves constructively interfere with those launched from the AFM tip.

for new scientific investigations previously unavailable in s-SNOM. The low energy optical

phonon regime in solids is critical to studies ranging from thermal transport and electron-

phonon scattering in low dimensional materials [36] to mediating interactions in strongly

correlated materials and superconductors [37]. The wide spectral coverage of FIR SINS

allows for simultaneous nano-probing of free carriers in weakly metallic systems and other

collective modes such as magnetic or charge density wave excitations [21]. Additionally, the

high sensitivity to weak flexural and torsional modes in molecular materials (Fig. 3d) can be

used to disentangle competing effects in for example organic semiconductors, where charge

dynamics are dominated by a complex interplay of structural and vibrational nanoscale

disorder, giving rise to localized excitations such as polarons [38].

The promise of tunable graphene plasmonics is already being exploited for the devel-

opment of novel nano-photonics applications from visible to THz frequencies [39]. As an
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atomically thin layer, there is great interest in coupling graphene plasmons to other vibra-

tions in adjacent layers or substrates, given its high sensitivity to the immediate environment

[40]. As seen in Fig. 4, with FIR SINS we observe a significant enhancement of the low

energy SiO2 phonon mode and direct absorption of graphene plasmons, suggesting a very

strong plasmon-phonon coupling that is highly tunable with gating. This also opens up new

opportunities for studying a wide range of corresponding modes in 2D and Dirac materials,

including transition metal dichalcogenides, black phosphorous, and topological insulators,

which typically host plasmons at FIR energies [13]. Further, large intrinsic anisotropies

in these and other polar dielectric crystals can be explored for use as natural hyperbolic

materials for unique nano-photonics applications in the FIR, without the need for artificial

metamaterials with high losses [41], all with nanoscale spatial resolution.

Our approach can be further extended towards lower THz frequencies below 300 cm−1, for

example by choosing other Ge or Si impurity conductors such as Ge:Zn (2 - 40 µm) or Ge:Ga

(30 - 100 µm). While conventional helium-cooled Si bolometers, which are typically used for

far-IR measurements in the far-field, have the necessary sensitivity (NEP < pW/Hz0.5) and

spectral bandwidth (10 - 1000 cm−1), they are exceedingly slow in their standard configura-

tion with detection speeds of <1 kHz. Superconducting hot electron bolometers offer another

possibility for this spectral range, with sufficient speed and broadband coverage from 30 -

1000 cm−1, but sensitivity often limited to ∼ 10 pW/Hz0.5. Recent antenna-coupled Nb

bolometers, however, have demonstrated and sub-ns response time and NEP of 20 fW/Hz0.5

[42]. Alternative detection schemes such as non-synchronized electro-optic sampling, which

directly measures the electric field, have also been shown to be compatible for continuous

wave sources up to 40 THz [43]. Lastly, we believe detector electronics can be improved

to further reduce electronic noise, ultimately achieving photon noise-limited detection (see

Supplementary Information for extended discussion).

In conclusion, we have demonstrated a qualitatively new regime of IR s-SNOM nano-

imaging and -spectroscopy through far-infrared SINS. Utilizing the spatial coherence, high

spectral irradiance, and ultrabroadband properties of synchrotron IR radiation, combined

with a custom low-noise fast modulating Ge:Cu photoconductor, we are able to provide nano-

spectroscopic capabilities to wavelengths down to to 31µm (320 cm−1) with ultrahigh 30 nm

spatial resolution. We demonstrate unique spatiospectral access to a range of resonant far-

IR electronic and lattice excitations, including the low-energy free carrier response, surface
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phonon polariton waves and optical phonons in oxides and ultrathin van der Waals materials,

skeletal deformations and conformational vibrations in molecular systems, and the highly

tunable FIR plasmonic regime of graphene. With continued detector development, it is

possible to further extend the range of FIR SINS to ultimately bridge the energy gap with

available THz s-SNOM sources, yet in a single nano-spectroscopy instrument. This work

highlights the continued advantage of synchrotron radiation as an ultrabroadband coherent

light source for near-field nano-spectroscopy, especially in the long wavelength regime where

alternative low-noise, broadband, quasi-cw laser sources are not readily available.
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