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Expanding the Infrared
Nanospectroscopy Window

é‘

Mj

0 50 100nm

Left: Nanoscale images of SiO, hole array, obtained using atomic-force microscopy (AFM, top) and
synchrotron infrared nanospectroscopy (SINS, bottom), demonstrating SINS contrast between
patterned SiO, and underlying Si substrate with ~30 nm spatial resolution (inset). Scale bar = 200 nm.
Right: SINS broadband spectroscopic data for SiO,, taken along dotted line in images at left, showing
amplitude (top) and phase (bottom) information from asymmetric Si-O stretching (1200 cm™) and
bending (460 cm™) modes. The lower-energy bending mode had previously been inaccessible with

Scientific
Achievement

An innovative infrared-light probe
with nanoscale spatial resolution has
been expanded to cover previously
inaccessible far-infrared
wavelengths.

Significance
and Impact

The ability to investigate heteroge-
neous materials at nanometer scales
and far-infrared energies will benefit
a wide range of fields, from
condensed matter physics to biology.

this technique.

Far-infrared blind spot

Scientific studies require tools that
match the natural length and energy scales
of the phenomena under investigation. For
many questions in biology, quantum mate-
rials, and electronics, this means nano-
meter spatial resolution combined with
far-infrared energies. For example, scien-
tists might want to study collective elec-
tron oscillations in quantum materials for
optoelectronic circuits, or the character-
istic vibration modes of protein molecules
in biological systems.

A recently developed infrared tech-
nique—synchrotron infrared nanospec-
troscopy (SINS)—combines broadband
synchrotron light with atomic-force micro-
scopes to enable infrared imaging and
spectroscopy at the nanoscale. However,
the technique could only be used in a
narrow range of the electromagnetic spec-
trum that excluded far-infrared wave-
lengths, due to a scarcity of suitable light

infrared light is focused onto the sharp
metallic tip of an atomic force microscope
(AFM). The backscattered light from the
tip and sample surface is collected and
sent to a detector. The spatial resolution of
the technique is determined to first
approximation by the radius of the tip
apex, typically 10-20 nm, much smaller
than the wavelength of the light (i.e., it
overcomes the diffraction limit by

sources and detectors for that range. In
this work, researchers extended SINS to
far-infrared wavelengths, opening up a
whole new experimental regime.

The expansion of SINS

SINS was successfully demonstrated
at the ALS in 2014 and has subsequently
been developed into user endstations at

Beamlines 2.4 and 5.4. In this technique, >1000x).
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Left: SINS experimental configuration with extension to far-infrared frequencies using both a con-
ventional mid-infrared mercury-cadmium-telluride (MCT) detector and a customized far-infrared
copper-doped germanium (Ge:Cu) detector. Right: SINS reference spectrum using MCT (black curve)
and Ge:Cu (red curve) detectors, extending spectroscopic performance down to 31 um.
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Far-infrared SINS response of a voltage-tunable graphene device. (a) SINS amplitude (top) and phase (bottom) spectra for a functional graphene device
on SiO, (black baseline), showing high sensitivity to external modulation of the gate voltage (color gradients). (b) AFM and SINS images showing the
nanometer spatial resolution and heterogeneity of an area a few microns in size (scale bar = 1 um) near a graphene/SiO, boundary. (c) A scan across the
boundary illustrating the plasmonic behavior near the edge of the graphene flake.

The usable wavelength range is deter-
mined primarily by the optical elements
and detector, typically mercury-cadmi-
um-telluride (MCT) types, which cut off at
wavelengths below 20 um, not quite
reaching the longer wavelengths of the far
infrared. Conventional far-infrared detec-
tors are available, but are too slow for use
with typical AFM-tip oscillation frequen-
cies. To overcome these issues, the
researchers developed a fast, highly sensi-
tive, copper-doped germanium (Ge:Cu)
detector that extends the SINS usable
wavelength range to 31 um.

Phonons, plasmons, and beyond

To demonstrate the applicability and
generalizability of the technique, the
researchers measured representative
functional materials from different classes,
including dielectrics and polar oxides,
organic and molecular systems, and ultra-
thin 2D van der Waals materials. They
probed numerous behaviors and exci-
tations, including lattice vibrations
(phonons), free-electron oscillations (plas-
mons), and molecular vibrations. Distinct
spectroscopic signatures for a variety of
materials were resolved with high

sensitivity to parameters like thickness,
crystal orientation, and applied voltage.

In particular, the researchers demon-
strated the ability to control and tune the
far-infrared, nanoscale plasmonic proper-
ties of a graphene device, modulated by an
applied electrostatic gate voltage.
Graphene attracts immense scientific
attention because of its inherent tunability
and unique optical and infrared properties,
which could potentially be exploited for
applications in telecommunication,

medicine, and homeland security. The
results open up the possibility of new
investigations into graphene as well as
other novel 2D materials at far-infrared
wavelengths.

The researchers are continuing to push
the technique to cover the entire infrared
range, extending all the way to terahertz
frequencies. Within this spectral range,
there are a host of novel materials with
intriguing properties that would otherwise
be inaccessible.
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