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ABSTRACT: While near-field infrared nanospectroscopy provides a powerful tool for nanoscale material characterization,
broadband nanospectroscopy of elementary material excitations in the single-digit terahertz (THz) range remains relatively
unexplored. Here, we study liquid-Helium-cooled photoconductive Hg1−XCdXTe (MCT) for use as a fast detector in near-field
nanospectroscopy. Compared to the common T = 77 K operation, liquid-Helium cooling reduces the MCT detection threshold to
∼22 meV, improves the noise performance, and yields a response bandwidth exceeding 10 MHz. These improved detector
properties have a profound impact on the near-field technique, enabling unprecedented broadband nanospectroscopy across a range
of 5 to >50 THz (175 to >1750 cm−1, or <6 to 57 μm), i.e., covering what is commonly known as the “THz gap”. Our approach has
been implemented as a user program at the National Synchrotron Light Source II, Upton, USA, where we showcase ultrabroadband
synchrotron nanospectroscopy of phonons in ZnSe (∼7.8 THz) and BaF2 (∼6.7 THz), as well as hyperbolic phonon polaritons in
GeS (6−8 THz).
KEYWORDS: scattering-type scanning near-field optical microscopy (s-SNOM), synchrotron infrared nanospectroscopy (SINS), terahertz,
polariton interferometry, hyperbolic phonon polaritons, van der Waals materials

■ INTRODUCTION
Infrared near-field nanospectroscopy combines the nanometer
spatial resolution of atomic force microscopy with the high
information density of optical spectroscopy. Due to its unique
capabilities, the technique has continuously been expanding and
has been applied to material characterization throughout various
fields of engineering, chemistry, geology, and physics.1−3 A
major and rapidly growing subfield of near-field nanospectro-
scopy includes polariton interferometry, which provides direct
access to the dispersion of deeply subwavelength-confined
polariton modes.4−13

Many fundamental material excitations reside in the energy
range of several 10 meV, e.g., phenomena related to phonons,
excitons, plasmons, Landau level transitions, charge density
waves, and magnons. Consequently, there is a strong desire to
extend near-field nanospectroscopy toward the far-infrared and
terahertz (THz) spectral range.2,3,14 A successful approach to

this goal has been combining scattering-type scanning near-field
optical microscopy (s-SNOM) with infrared radiation from
accelerator-based light sources.1−3,9,10,14−21 Specifically, syn-
chrotron-based infrared near-field spectroscopy has pushed the
spectral limit of nanospectroscopy down to ∼10 THz (320
cm−1, 31 μm), thereby enabling many new experi-
ments.3,14−16,19−21 Additionally, coming from lower frequencies
(microwave regime), nanospectroscopy and nanoimaging
around and below 1 THz is nowadays more frequently achieved,
e.g., via THz time-domain spectroscopy and setups based on
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Schottky diodes or photoconductive antennas.22−29 Despite
such advances, the lack of suitable sources and matching
detectors in the 1−10 THz range�the so-called “THz gap”2,3,30

�has so far hampered extending broadband near-field nano-
spectroscopy into the center of this important spectral region.
While examples of near-field nanospectroscopy and polariton
interferometry in the 1−10 THz spectral range do
exist,9,10,18,31−38 such studies usually employ high-intensity
narrowband laser sources to compensate for less-than-ideal
detectors, thereby inducing limitations for spectroscopy.

The most common method for achieving near-field infrared
nanospectroscopy at mid- to far-infrared wavelengths involves
the scattering of infrared light from the tip of an atomic force
microscope (known as “apertureless scattering”), while the tip
tracks the surface of a material in tapping mode.2,15,39,40 Figure
1a illustrates the implementation of this scheme at the National
Synchrotron Light Source II (NSLS-II), Upton, USA. The light
scattered from the oscillating tip is not a simple sinusoid due to
the interaction of the tip with a material, and a more localized
response is recovered by demodulating the signal at the second
or third harmonic of the tapping frequency.39 With typical AFM
tapping frequencies in the range of up to 300 kHz,2,15 the
detector for sensing the scattered infrared radiation requires a
response bandwidth approaching 1 MHz.

The commonly employed spectral range covers wavelengths
from 3 to 16 μm (625 to 3300 cm−1, 19 THz to 100 THz), for
which fast photodiodes made from both III−V and II−VI
compound semiconductors are commercially available. Detec-
tors for reaching into the far-infrared include the II−VI alloy
mercury−cadmium-telluride (Hg1−xCdxTe or MCT) operating
at T = 77 K for wavelengths λ out to λ ∼ 24 μm (417 cm−1, 12
THz; x near 0.174) and doped (i.e., extrinsic) germanium or
silicon operated at T = 4.2 K for reaching λ ∼ 30 μm (330 cm−1,
10 THz). These types of detectors have been used successfully
for near-field nanospectroscopy in combination with the
broadband, high radiance infrared produced as synchrotron
radiation.1,3,14,42 Another extrinsic photoconductor, Ge/Ga,
operates over a somewhat limited spectral range below λ ∼ 120
μm. Though successfully used with narrowband free-electron
laser sources down to λ ∼ 30 μm,9,10,18,34−36 there has not been

reported measurement results for the synchrotron source.
Extending infrared broadband nanospectroscopy to longer
wavelengths has been a challenge as the standard detector for
reaching to 50 μm and beyond, the doped silicon composite
bolometer operating at T = 4.2 K, has a response time measured
in hundreds of microseconds, so it is orders of magnitude too
slow for detection at AFM tip modulation frequencies. Faster
thermal detectors, such as InSb hot electron bolometers (HEB),
can achieve the necessary speed but the HEB effect is limited to
very long wavelengths. Superconducting transition edge
bolometers can also be fast but tend to have a limited dynamic
range as well as challenges in manufacture.

One aspect of the Hg1−xCdxTe system that is less well-known
is the dependence of the band gap and detection threshold as a
function of temperature.41,43,44 In many semiconductors,
lowering the temperature causes the band edge to shift to
higher energies. However, for Hg1−xCdxTe with x < 0.5, the
band edge shifts to lower energies with decreasing T.41,43−45

This was previously noted by the Soleil synchrotron infrared
group for a mid-infrared detector intended for high spectral
resolution applications.45 Typical values for x in commercial
detectors range from 0.2 to 0.17 for a detection threshold in the
far-infrared. When operated at T = 77 K, the threshold for x =
0.173 is near 400 cm−1. However, as illustrated in Figure 1b, by
cooling this material to about 4.2 K, its threshold shifts down to
below 200 cm−1.41

In this work, we test the operation of a photoconductive MCT
element having x near 0.173 at its nominal operating
temperature of T = 77 K and when cooled with liquid helium
( He) to about T = 4.2 K. Details of the experimental realization
of our detector setup are described in Methods. In agreement
with the known band gap dependence on temperature (Figure
1b),41 the detection threshold for T = 4.2 K shifts down to below
200 cm−1. Additionally, similar to the observations of the Soleil
group,45 the detector signal-to-noise shows improvement.
Overall, we find that the performance of the detector is well-
suited for infrared near-field nanospectroscopy down to around
175 cm−1 (5.2 THz, 57 μm), i.e., well into the single-digit THz
range. We demonstrate this via point nanospectroscopy
measurements on Au, ZnSe, and BaF2 as well as polariton

Figure 1. (a) Sketch of the near-field nanospectroscopy setup at the National Synchrotron Light Source II (NSLS-II). Infrared synchrotron radiation is
guided via an asymmetric Michelson interferometer and focused onto an atomic force microscopy (AFM) tip. The latter is vibrating at frequency Ω
(tapping mode). Light scattered from the tip is guided to a suitable detector as described in the main text. Near-field contributions to the detected
signal are separated from the far-field background via lock-in demodulation of the detector signal at harmonics nΩ of the tip frequency with n = 1,2,3,···
The experimental near-field data shown in this paper uses n = 2. (b) Calculated band gap for a Hg1−xCdxTe (MCT) infrared detector element for x =
0.173 as a function of temperature below 100 K; based on ref 41. Cooling MCT to T = 4.2 K shifts its detection threshold to <200 cm−1 (>50 μm, <6
THz).
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interferometry of the hyperbolic phonon polaritons in GeS in
the 6−8 THz range.

■ RESULTS
Far-Field Characterization of Detector Performance.

Our far-field characterization of the detector performance
consisted of measuring the spectral response, the signal-to-noise,
and the response speed at both T = 77 K and T = 4.2 K.
Spectral Response and Signal-to-Noise. The spectral

range for the photoconductive response was measured by using
a Bruker Vertex 80v spectrometer. Due to the limited availability
of the synchrotron light source, we used the spectrometer’s
internal infrared source for this measurement. While a better
signal-to-noise ratio could be obtained by employing the high
spectral radiance of the synchrotron light source, here, this is not
required for evaluating the detector’s spectral response. Figure
2a shows the resulting spectra for operation of our modified
MCT detector at T = 77 K and T = 4.2 K. The lower operating
temperature reduces the detection threshold to around 160
cm−1 and significantly increases the overall response. The inset
in Figure 2a shows a “100% line” that has been obtained by
taking the ratio of two spectra acquired sequentially with
identical measurement parameters. As an ideal system should
yield the same result for two such measurements, deviations
from unity can be attributed to either spectral drift or the noise
of the overall system. The 100% lines in Figure 2a illustrate both
the redshift of the detection threshold as well as the better signal-
to-noise ratio for operation at lower temperature. Note that the
aperture for the measurement at T = 77 K was 2 mm, while it was
only 1 mm for T = 4.2 K. As the data has not been scaled to
compensate for this, this means the T = 4.2 K is for about 4× less
intensity than the T = 77 K data but still shows better signal-to-
noise ratio, even in the higher-frequency range, e.g., around 600
cm−1. When integrated over the entire spectral range (to several
thousand cm−1, refer to Methods), the signal-to-noise ratio can
be quantified to be ∼5× better for operation at T = 4.2 K despite
the lower photon flux of the measurement.
Response Speed. Since the response bandwidth is

important for the apertureless scattering method, we measured

the detector rise and fall times using a single isolated light pulse
from the NSLS-II synchrotron storage ring. The pulse itself has
an RMS length of about 10 ps, i.e., sufficient for measuring
response up to tens of GHz. We used a Femto DHPCA-100
preamplifier set to a frequency response of 80 MHz along with a
1 GHz bandwidth oscilloscope and observed an exponential
decay of (20 ± 10) ns at T = 77 K, corresponding to an (8 ± 4)
MHz bandwidth (Figure 2b). At T = 4.2 K, the fall time was (7 ±
3) ns, corresponding to (21 ± 8) MHz bandwidth. Thus, the
response bandwidth increased by a factor of 2−3 going from 77
to 4.2 K. We do not offer a theoretical analysis of the intrinsic
relaxation (recombination) time for MCT as a function of T and
x, but note that listed response times for commercial detectors
show a trend of faster performance as the band gap becomes
smaller. That the photoconductive response magnitude
increased for lower T suggests an improved carrier mobility,
offsetting the reduced photocarrier density that would stem
from a faster relaxation (i.e., carrier recombination) time.
Mid-Infrared-to-THz Near-Field Nanospectroscopy. Its

low-energy detection threshold, high sensitivity, good signal-to-
noise ratio, and high detection speed make He-cooled MCT a
very suitable detector for ultrabroadband nanospectroscopy
down to the single-digit THz range. As a direct demonstration of
our system’s capabilities, we show different ultrabroadband
nanospectroscopy results, namely, point spectroscopy of a gold
reference sample, spectra of the THz phonon-induced near-field
resonances in ZnSe and BaF2 and polariton interferometry of
THz phonon polaritons in GeS. Near-field nanospectroscopy is
performed using a commercial near-field microscope (NeaSnom
by Attocube) at the infrared MET beamline of the NSLS-II
synchrotron, Upton, USA (sketch of the experimental setup in
Figure 1a); to allow for ultrabroadband operation, we use a
diamond beamsplitter. The near-field data shown in the paper
are demodulated at the second harmonic of the tip tapping
frequency.
Nanospectroscopy of Gold Reference. As gold provides

a spectrally flat infrared response, measuring the spectrum of a
gold reference sample allows us to determine the overall spectral
response. The latter combines spectral contributions from the

Figure 2. Far-field characterization of the detector performance. (a) Non-normalized far-field FTIR spectra acquired with our modified MCT detector
cooled to either T = 4.2 K (1 mm aperture, blue line) or T = 77 K (2 mm aperture, orange line). When cooled with He (4.2 K), the detection threshold
redshifts to around 160 cm−1, and the overall detector sensitivity is significantly increased. The local minima in the 350 to 550 cm−1 range are due to the
spectrometer’s multilayer mylar beamsplitter. Inset: measured “100% line” as described in the main text. For negligible spectral drift, deviations from
unity provide an estimate of the overall system noise. (b) Measurement of a short isolated 10 ps light pulse using the MCT detector cooled to T = 4.2 K
(blue) and T = 77 K (orange), respectively. At He temperature, both sensitivity and speed are significantly increased. For the inset, both curves are
scaled and offset for a better comparison of the response speed.
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broadband synchrotron radiation, absorption features of the
optical elements and the system atmosphere, the s-SNOM tip,
and the detector response. Figure 3a shows a gold reference
point spectrum as measured with our nanospectroscopy system
at NSLS-II: We obtain a near-field signal well above the noise
level down to about 175 cm−1 (5.2 THz, 57 μm). Note that this
exceeds the previous spectral limit of synchrotron infrared
nanospectroscopy of 320 cm−1 (9.7 THz, 31 μm)14 by almost an
octave. Also, this demonstrates the extension of nanospectro-
scopy well into the so-called THz gap from 1 to 10 THz,30 a
spectral region that historically has been very challenging to
access with near-field techniques.2,3

THz Phonon-InducedNear-Field Resonances. ZnSe and
BaF2 have widespread application as optical materials in the mid-
infrared spectral range, e.g., as windows or beam splitters. While
transparent in the mid infrared, both materials provide a clear
phonon resonance at <300 cm−1.46,47,51 Here, we probe the
phonon polariton modes of ZnSe and BaF2 as an example for
two materials whose polaritonic responses were previously not
accessible via broadband infrared nanospectroscopy.

Figure 3b,c shows the measured near-field amplitude point
spectra of ZnSe and BaF2 in the broad spectral range from 175 to
1200 cm−1 (5.2 to 36.0 THz). While both materials are
spectrally flat at higher frequencies, at <300 cm−1 (<9.0 THz),
they show a peak of the near-field amplitude. For ZnSe and BaF2,
the maximum of this peak is observed at 222 cm−1 (6.7 THz,
45.0 μm) and 259 cm−1 (7.8 THz, 38.6 μm), respectively. As
previously observed for other materials,2,14,17,18,40,48,49,52 this
can be attributed to phonon polariton modes inducing a
resonant tip−sample near-field interaction. Note that the precise
spectral peak position and width as well as the relative peak
height are known to depend on experimental parameters such as
the tip shape, tip tapping amplitude, average tip−sample
distance, and the harmonic order used for lock-in demodu-
lation.3,17,49,52,53 Nevertheless, the spectral positions of the near-
field resonances provide an excellent way for nanoscale material
characterization3,14,40 and, here, match well to the expectation
from literature phonon parameters of ZnSe and BaF2.46,47,51 As a
rule-of-thumb, the near-field resonance is expected in the
spectral range where the real part of the permittivity ε’ (insets of
Figure 3b,c) is in the range −10 < ε′ < −1.18,48−50 This explains
why the phonon-induced near-field resonance for BaF2 is
observed at higher frequency than the resonance for ZnSe,
although the BaF2 transverse optic (TO) phonon mode itself is
observed at a lower frequency.46,47,51

Each spectrum in Figure 3 has a spectral resolution of 3.3 cm−1

and has been obtained in a measurement time of 10 min, thereby
demonstrating ultrabroadband mid-infrared-to-THz nanospec-
troscopy at reasonable signal-to-noise ratio and spectral
resolution without the need for extreme integration times.
Depending on the requirements for a specific experiment, the
signal-to-noise ratio can be further increased at the cost of longer
integration times.
THz Hyperspectral Polariton Interferometry. GeS is a

semiconducting van der Waals material (band gap around 1.6
eV54,55) with many intriguing properties such as an exceptional
Seebeck coefficient,56 monolayer ferroelectricity,57 and moire ́
physics in twisted nanowires.58 Its stacking direction is along the
crystalline [001] direction, and exfoliated flakes show highly in-
plane anisotropic polariton dispersion,10 which is potentially
field-tunable.10,54,55 The combination of these properties makes
GeS a promising platform for versatile polariton control.10 Along
GeS’s [010] crystalline direction, polariton modes have been

Figure 3. Midinfrared-to-THz near-field nanospectroscopy with the
AFM tip at a fixed sample position (point spectroscopy). (a) Near-field
amplitude spectrum of a gold reference sample illustrating the broad
spectral response of our system. The system covers the spectral range
from about 175 to beyond 1750 cm−1, i.e., a full order of magnitude.
Inset: detailed view of the low-frequency onset. The dashed horizontal
line marks the noise floor. (b,c) Measured near-field amplitude of (b)
ZnSe and (c) BaF2 in the spectral range from 175 to 1200 cm−1 (5.2−
36.0 THz). Each spectrum has been obtained within 10 min
measurement time at a resolution of 3.3 cm−1. The near-field amplitude
is normalized to a spectrum taken on a separate gold reference sample.
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observed down to 6.1 THz, thereby extending to lower
frequencies than in the other in-plane direction.10 Hence, the
hyperbolic polariton modes along the [010] direction of GeS
provide a model system to demonstrate polariton interferometry
in the <10 THz spectral range.

Figure 4a,b shows the topography and homodyne near-field
image of an exfoliated GeS flake (thickness of 149 nm) on SiO2/
Si substrate (sample preparation described in Methods). The
homodyne near-field signal is acquired while keeping fixed the
position of the interferometer reference mirror. A hyperspectral
linescan with 3.3 cm−1 spectral resolution (Figure 4c,d) and 50
nm pixel size was measured along the crystalline [010] direction
as marked by the blue arrow in Figure 4b. Figure 4c provides an
overview of the near-field amplitude (top) and phase (bottom)
in the broad spectral range from 175 to 1200 cm−1; the spectral
(spatial) information is displayed along the horizontal (vertical)
axis. Positive distances refer to a position on the GeS crystal;
negative values refer to a position on the SiO2 substrate. SiO2
shows three well-studied phonon-induced near-field resonances
at around 500, 800 cm−1 (weak amplitude, refer to phase signal),
and 1100 cm−1.14,40 While GeS itself shows no phonon modes at
>400 cm−1,59−61 the influence of the SiO2 substrate also
modulates the near-field response acquired on the GeS crystal.
At lower frequencies, GeS phonon modes induce a strongly
anisotropic hyperbolic infrared response.10,59−61 As shown in
the zoom-in of the near-field signal in the low-frequency spectral
region from 175 to 350 cm−1 in Figure 4d, here, the phonon
modes are apparent from a clear modulation of the GeS near-
field response. Notably, in the spectral range from about 200 to
260 cm−1 (6.0−7.8 THz, 38−50 μm), a clear fringe pattern is
observable both in the near-field amplitude and phase measured
on the GeS crystal. This fringe pattern can be attributed to
interference patterns caused by hyperbolic phonon polaritons
propagating along the [010] direction of GeS.10 The dispersion
of these polaritons modes, i.e., their decreasing wavelength with
increasing photon energy, can be directly seen in the
measurement. For a detailed description of these polariton
modes, we refer to ref 10. Compared to previous studies with a
high-intensity narrowband laser source,10 we emphasize that the
present study demonstrates the first broadband nanospectro-
scopy of the GeS polariton modes as well as the first
interferometric study, resolving both near-field amplitude and
phase of the modes.

■ DISCUSSION AND CONCLUSIONS
We have tested liquid-helium-cooled photoconductive MCT
(Hg1−XCdXTe with x near 0.173) for usage as a fast detector for
far-infrared near-field nanospectroscopy in the single-digit THz
frequency range. Building up on previous literature re-

sults,41,43−45 we found that cooling MCT down to 4.2 K lowers
its detection threshold to 22 meV. In addition, compared to
operation at 77 K, we found that cooling MCT to 4.2 K
increased both its sensitivity and speed. This suggests a strongly
improved carrier mobility that overcompensates for the reduced
photocarrier density expected from faster carrier recombination.
The combination of increased detector sensitivity and speed will
be beneficial for various mid- to far-infrared optical techniques
that require a fast response time. This potentially includes any
optical setup that currently employs a N2 -cooled MCT
detector, i.e., both far- and near-field imaging and spectroscopy
techniques. Note that the increased detector responsivity also
covers the mid-infrared spectral range around 1000 cm−1 (30
THz, 10 μm, refer to Methods and ref 45), which is a common
spectral range for many table-top near-field imaging and
nanospectroscopy setups.2 Going beyond the conventional
spectral range covered by MCT detectors, we demonstrate that
the properties of our specific He-cooled MCT detector are well
suited for near-field nanospectroscopy down to 175 cm−1 (5.2
THz, 57 μm). Further extension of this spectral range to even
lower THz frequencies may be achieved via the optimization of
the MCT stoichiometry. Here, near-field point nanospectro-
scopy down to the single-digit THz range is demonstrated for
different samples (Au reference, BaF2, ZnSe). For ZnSe and
BaF2, we observe a phonon-induced resonant near-field
interaction around 222 cm−1 (6.7 THz, 45.0 μm) and 259
cm−1 (7.8 THz, 38.6 μm), respectively. The good signal-to-noise
ratio of our measurements also enables us to take hyperspectral
linescans with high spectral (3.3 cm−1) and spatial resolution
(50 nm pixel size for a 7.5 μm long linescan). We use this for
polariton interferometry of the hyperbolic phonon polariton
modes of GeS in the 6 to 8 THz frequency range, resolving both
the near-field amplitude and phase of these modes.

While here we demonstrate synchrotron-based THz nano-
spectroscopy, we emphasize that our detector system is expected
to work equally well for laser-based THz nanoimaging and
nanospectroscopy setups, e.g., based on free-electron-la-
sers,9,10,18,34−36 gas lasers,31,33,62 or THz quantum cascade
lasers.32,37,38 The high signal-to-noise ratio of our measurements
implies that our technique will also provide great opportunities
for studying the THz polariton dispersion in other van der Waals
and two-dimensional materials, e.g., in graphene,28,36 black
phosphorus,6 transition metal dichalcogenides,29 or topological
insulators such as Bi2Se3.6,32,33 Furthermore, access to a plethora
of new phenomena is expected when combining the here
presented ultrabroadband THz nanospectroscopy with extreme
sample environments in cryogenic29,63−68 or magnetic69,70 near-
field microscopy. For example, this may enable the nanoscopic
exploration of Cooper-pair and Josephson plasmon polaritons in
superconductors that exclusively reside in the THz range.6,7,71

Overall, our work demonstrates the extension of broadband
infrared near-field nanospectroscopy well into the single-digit
THz range, thereby significantly extending the possibilities for
nanoscale optical material characterization and probing
fundamental collective excitations at their natural length and
energy scales.

The near-field nanospectroscopy setup built for the present
work is available for general user operation at the 22-IR infrared
beamline of the National Synchrotron Light Source II. Proposals
can be submitted free of charge via an online proposal system.

Figure 3. continued

For both materials, phonon-induced resonant tip−sample interaction
results in a peak of the normalized amplitude in the spectral range from
200 to 300 cm−1 (6−9 THz, approximate peak position marked by a
green dash-dotted line). For comparison, the insets show literature
values46,47 for the real part (full line) and imaginary part (dashed line)
of the dielectric permittivity in the spectral range of the phonon modes.
While the specific position of the phonon-polariton-induced near-field
resonance depends on experimental parameters and the complex
dielectric material permittivity, as a rule-of-thumb, the resonance is
expected in the spectral range where the real part of the permittivity ε′ is
in the range −10 < ε′ < −1.18,48−50
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■ METHODS

Detector System Details. The photoconductive MCT
detector for this study was a commercial model purchased from
Infrared Associates. Listed as a “D24″, it is intended for reaching

to approximately λ ∼ 24 μm or frequencies near 400 cm−1 (12.5
THz), corresponding to an alloy composition x near 0.173.41

The detector assembly, including its ceramic chip carrier mount
and field-of-view (FOV) limiting aperture (see Figure 5a), was

Figure 4. (a) Topography of a 149 nm thick GeS flake on a SiO2 substrate. Black arrows mark the crystallographic [100] and [010] directions of GeS.
(b) Homodyne (whitelight) near-field image taken simultaneously to (a). The blue arrow marks the position and direction of the hyperspectral
linescan shown in (c,d). (c) Near-field amplitude (top) and phase (bottom) of a hyperspectral linescan taken along the crystallographic [010] direction
of GeS as marked by the blue arrow in (b). The spatial dimension of the linescan is shown in the vertical direction; positive distances refer to a position
on the GeS crystal; negative values refer to a position on the SiO2 substrate. The spectral dimension of the linescan is shown in the horizontal direction;
the spectral resolution is 3.3 cm−1. SiO2 shows three well-studied phonon resonances at around 500, 800 cm−1 (weak amplitude, refer to phase signal),
and 1100 cm−1.14,40 GeS shows polariton modes only at lower frequencies.10,59−61 (d) Zoom-in of the low-frequency region (175−350 cm−1) of the
near-field amplitude and phase spectra as marked by a white-dashed box in (c). A clear fringe pattern can be observed in the spectral range from about
200−260 cm−1 (6.0−7.8 THz), which can be attributed to hyperbolic phonon polariton modes propagating along the [010] direction of GeS.10
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removed from its N2 dewar and mounted onto an oxygen-free
high-thermal-conductivity copper bracket attached to the
copper cold plate of an Infrared Laboratories HDL-5 liquid
helium cryostat, as shown in Figure 5b. A Winston cone
collector was not used, as the detector package was not
compatible with the nominal integrating cavity used at the
cone’s exit. However, the field-of-view (FOV) limiting aperture
provided by the original manufacturer was retained.

A 2 mm thick CsI disk was used for the infrared vacuum
window on HDL-5, providing good transmission to about 160
cm−1 (63 μm, 4.8 THz), as shown in Figure 6. For testing at T =
77 K rather than at T = 4.2 K, the He reservoir was filled with
N2.

The spectral range for the photoconductive response was
measured by using a Bruker Vertex 80v spectrometer. Due to
limited availability of the synchrotron light source, we used the
spectrometer’s internal infrared source for this measurement.
While a better signal-to-noise ratio could be obtained by
employing the high spectral radiance of the synchrotron light
source, here, this is not required for evaluating the detector’s
spectral response. Figure 7 shows the same measurement as

Figure 2a, i.e., a comparison between the MCT detector
response when operated at either T = 77 K or T = 4.2 K. While
Figure 2a shows the low-frequency region at <600 cm−1 to better
illustrate the redshift of detection threshold, Figure 7 shows the
detector response in the full spectral range up to 7000 cm−1. We
chose a multilayer mylar beamsplitter for this measurement,
which is a good choice for the low-frequency spectral range
shown in Figure 2a. However, we note that this beamsplitter is
not optimized for the mid-infrared spectral region where it
induces various local minima in the measured response, most
pronounced in a broad frequency region around ∼1000 cm−1.
Note that we employed a diamond beamsplitter for the near-
field measurements, i.e., the minima apparent in Figure 7 do not
impact the near-field response shown in Figures 3 and 4. Despite
the beamsplitter being optimized for the far-infrared spectral
range, Figure 7 clearly demonstrates the detector responsivity
enhancement in an ultrabroad spectral range: we find that
cooling the detector to T = 4.2 K enhances the detector response
in the full accessible spectral range up to several thousand
wavenumbers, as previously noted for a MCT detector with
slightly different stoichiometric composition.45 This suggests
applications of He-cooled MCT detectors also in the mid-
infrared spectral range, with signal-to-noise improvement both
for far-field45 and near-field techniques. To further test the
responsivity enhancement of the detector, we performed
separate measurements under even more controlled conditions
(broadband response measurement using a thermal source with
fixed aperture, optical chopper, and lock-in detection). One goal
of these separate measurements was to minimize potential
impacts on the measured detector responsivity that may be
expected due to the different photon fluxes incident on the
detector (Auger recombination). As such, the photon flux
incident on the detector was kept constant for the separate
measurements. Some minor impact on the “effective” photon
flux (as seen by the detector) may still originate from the shift of
the low-frequency cutoff. However, the photon flux in the
spectral range between ∼160 cm−1 (cutoff at 4.2 K) and ∼400
cm−1 (cutoff at 77 K) is much smaller than the photon flux in the

Figure 5. (a) MCT detector package from Infrared Associates
including a FOV limiting baffle and electrical connections (only two
are needed). The MCT photoconductive element itself is the small,
bright object inside and behind the baffle’s circular aperture. The
ceramic chip carrier is hidden behind the FOV baffle. (b) MCT
detector package mounted to an oxygen-free high-thermal-conductivity
copper bracket (just right of center) bolted onto the cold plate of the
He reservoir. The CsI window is mounted in the gold-anodized flange

at the right edge. A separate Si/B photoconductive detector assembly is
near the top and includes a Winston cone optic (cylindrical object) and
integrating cavity (inside the small square block with four bolts).

Figure 6. Measured far-infrared transmission for the cesium iodide
vacuum window used on the HDL-5 detector cryostat. CsI transmits
well (∼90%) up through visible light frequencies.

Figure 7. Non-normalized far-field FTIR spectra acquired with our
modified MCT detector cooled to either T = 4.2 K (1 mm aperture,
blue line) or T = 77 K (2 mm aperture, orange line). When cooled with
He (4.2 K), the detection threshold redshifts to around 160 cm−1, and

the overall detector sensitivity is significantly increased. The local
minima at various frequencies throughout the spectrum are due to the
spectrometer’s multilayer mylar beamsplitter. Figure 2 shows a detailed
view of the low-frequency region <600 cm−1.
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large detected spectral region >400 cm−1 such that a
measurement at constant incident photon flux remains mean-
ingful. While we believe that a detailed study of the photon-flux-
dependent detector response is beyond the scope of the current
paper (to be published elsewhere), we note that our broadband
study at constant incident photon flux gave a factor of 10 higher
signal for operation at 4.2 K compared to 77 K, which is not
inconsistent with the results shown in Figures 2a and 7.

We compared our modified He-cooled MCT detector with
the response of a more common He-cooled Si/B photo-
conductor. Note that the latter has an f/4 Winston cone to limit
the FOV to ±7°, reducing the background infrared reaching the
detector. The MCT detector, with its simpler ±15 °FOV
limiting aperture, had at least 4 times more background falling
on the detector element. As such, the comparison is more
qualitative than quantitative. For both detectors, Figure 8 shows

a measured 100% line as described in the main paper. For the
specific detector setups used here, we find that the Si/B provides
a better signal-to-noise ratio in the spectral range from just above
its cutoff frequency at around 320 cm−1 to about 800 cm−1; both
for frequencies below and above this range, the MCT provides a
better signal-to-noise ratio despite the larger background
infrared falling onto the MCT detector.
Sample Preparation: GeS Exfoliation. GeS flakes were

mechanically exfoliated using an automatic mechanical exfolia-
tion machine, or an exfoliator,72 one of the home-built modules
in the Quantum material press (QPress) facility in the Center for
functional nanomaterials (CFN) at Brookhaven National
Laboratory (BNL). The exfoliator utilizes a roller assembly to
control conditions such as the pressure, temperature, rolling and
peeling speed, and peeling force. The exfoliation process has two
main steps. First, the GeS bulk crystals (2D Semiconductors)
were distributed on blue dicing tape and loaded onto the sample
stage of the exfoliator. The exfoliator transferred the crystals on
the built-in blue tape. Then, we replace the tape with bulk
crystals on the sample stage on a diced 285 nm SiO2-coated Si
wafer chip (10 mm × 10 mm) attached to a sample holder. The
exfoliator conducted the exfoliation automatically. In each step,
we used the conditions for the GeS crystal transfer and
exfoliation provided by the facility. After the exfoliation, the SiO2
chip with exfoliated flakes was scanned by the optical

microscope of the cataloger module (WiTec Alpha 300RA) in
the QPress.
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