Nanoelectromechanical System Fourier Transform
Infrared Spectroscopy (NEMS-FT-IR)

An introduction to the photothermal spectroscopy technique behind EMILIE™.
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Introduction

NEMS-FT-IR is a unique and powerful photothermal spectroscopy method that combines
nanoelectromechanical systems (NEMS) with Fourier transform infrared (FT-IR) spectroscopy.
This highly sensitive method is wavelength independent, making it ideal for studying a broad
spectrum of samples. NEMS-FT-IR can be used to achieve limits of detection (LoD) down to
the picogram level ", while built-in temperature control enables in-situ thermal desorption and
stability studies 1, paving the way to breakthroughs in materials characterization.

In NEMS-FT-IR, light from the FT-IR spectrometer is focused onto a highly temperature-
sensitive NEMS resonator, called the EMILIE™ sampling and sensing chip, or EMILIE™ chip
(Figure 1). The target analyte is deposited directly on the EMILIE™ chip (Figure 2) for sensing.
When the analyte absorbs infrared light, the resulting heating-induced thermal expansion
causes a reduction in the tensile stress of the EMILIE™ chip, leading to a change in its
resonance frequency. EMILIE™'s frequency actuating and tracking electronics, PHILL, track
these frequency changes in real time and report the data to the FT-IR's OPUS software,
which generates the FT-IR absorption spectrum of the sample. NEMS-FT-IR produces spectra
comparable to those obtained by transmission-FT-IR, allowing for interpretation using existing
spectral libraries.
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NEMS-FT-IR distinguishes itself from other FT-IR techniques in that the sample is deposited
directly onto the surface of the NEMS resonator, as schematically shown in Figure 2. This
approach was first introduced in 2013 for the analysis of polymer nanoparticles in the visible
(Vis)® and IR™ spectral range. Since only the analyte itself absorbs and transduces the incident
IR light, the nanomechanical photothermal sensing principle is inherently wavelength-agnostic,
enabling spectroscopy across the UV® to IR regions of the electromagnetic spectrum!-2467 |t
supports both dispersive spectroscopy, e.g., with a tunable quantum cascade laser (QCL)""+67,
and FT-IR spectroscopy!. Bruker's VERTEX and INVENIO series FT-IR spectrometers (Figure 3 a)
are able to span a wide spectral range from the nearIR to the farIR and are compatible with
EMILIE™. An example spectrum recorded with EMILIE™ on a VERTEX 80, spanning 6000 cm'
to 30 cm™ (1.67 ym to 333 um), is shown in Figure 3 b.
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Scattering and Reflectance

Light scattering and reflection can significantly impact absorption spectroscopy in both reflection
and transmission mode, particularly when measuring particulate samples. In transmission
spectroscopy, the detector captures less light due to scattering and reflection, creating artifacts
in the absorption spectrum. In contrast, EMILIE™ is a photothermal method unaffected by
these issues, as it measures absorption directly through photothermal heating. This avoids
problems associated with reflections!®, Mie scattering'®"", and Rayleigh scattering!'>'®!, which
are common in IR and UV-Vis spectroscopy, making NEMS-FT-IR a more reliable technique for
accurate spectroscopic analysis of particulate samples.

Sample Collection on the EMILIE™ Chip

The EMILIE™ chip is made from silicon nitride, which is a mechanically tough, chemically inert,
and temperature-stable material. The EMILIE™ chip's central perforation enables efficient drop
casting (Figure 4, a-b) and direct collection of airborne nanoparticles (Figure 4, c-d) as small as
10 nm with high efficiency” . Other compatible deposition methods include spin coating, liquid
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a) Direct drop casting on
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b) Micrograph of an
EMILIE™ chip featuring
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¢) Schematic drawing of
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d) Scanning Electron
Microscopy image of a
section of the perforated
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nanoparticles have been
collected via aerosol
impaction.

dipping, evaporation, molecular beam deposition, focused electron beam-induced deposition,
and physical transfer (e.g., of 2D materials)!"®.
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Temperature Control

Measurements with EMILIE™ are performed at a pressure of p <1x10° mbar. To prevent
desorption of semi-volatile analytes during measurement, EMILIE™ allows cooling of the
EMILIE™ chip during analysis. Conversely, the integrated temperature control also allows
heating of the EMILIE™ chip. EMILIE™, therefore, allows for in-situ separation of individual
compounds from complex mixtures?, or for thermal stability studies, for example.

Sensitivity

While photon detectors can achieve single-photon sensitivity, thermal detectors like bolometers
or pyroelectric detectors are typically constrained by electronic noise, including Johnson
noise!®. However, thermomechanical detectors operate on different principles, as they do not
rely on electric detection to measure irradiated power. This fundamental difference means that
EMILIE™ is not limited by electronic noise, which results in enhanced sensitivity!"”..

The photothermal sensitivity of a nanomechanical resonator is given by its noise-equivalent
power (NEP) with units [W/Hz"?] defined as

Equation 1

VS, (w)

NEP =
R, (w)

with the fractional frequency noise power spectral density or frequency stability S, (w) in units
of [Hz'] and the responsivity to absorbed power R, (w) with units of [W-]"8l,
Responsivity

The power responsivity of a nanomechanical resonator with an eigenfrequency wo is defined
aslel
Equation 2

o w,
op

R, = Hm (@) = —Hy(w),

where R, is the frequency responsivity to a change in temperature T and G is the thermal
conductance. H,,(w) is a low-pass transfer function

Equation 3

1
H,lw) = ——
th Tr 27 o,

which drops off for signal frequencies faster than the resonator’s thermal time constant T, =
C,/G, with the resonator’s heat capacity C,-



Equation 2 shows, that the nanomechanical resonator essentially acts as a thermometer with a
temperature responsivity R, of the resonator, defined as!"®

Equation 4

_Owy 1
Rr= 0T w,

The physical effect underlying R, is two-fold: 1) temperature-induced softening of the Young's
modulus E, and 2) thermal expansion affecting the tensile stress o.

In stress-free structures such as beams and plates, the dominant photothermal effect is
temperature-induced softening with R, =a;/2, where o, is the thermal softening coefficient.
Conversely, in prestressed structures like strings and the EMILIE™ chip, frequency detuning
occurs due to changes in tensile stress through thermal expansion. Here, the temperature
responsivity is R, =a,E/(20), with a,, representing the thermal expansion coefficient of the
resonator material.l'®

The temperature responsivity of resonators under tensile stress, such as the EMILIE™ chip, is
enhanced by a factor of (E/o>>1), which is generally much greater than one for most materials.
This comparison underscores the superiority of pre-stressed strings and drumhead resonators
for temperature sensing over beam and plate resonators. The EMILIE™ chip exhibits a
temperature response enhancement factor exceeding 1000.

The responsivity (Equation 2) further scales inversely with the thermal conductance
G=G,,,+G..q Where the operation in vacuum eliminates contributions due to convection. Here,
G... and G, are the conductances due to conductive and radiative heat transfer, respectively.
It has been shown that for the 50 nm thin silicon nitride drumhead resonators, such as the

EMILIE™ chip, radiative heat transfer starts to become significant for sizes larger than 1 mm."®
201

The responsivity of a square drumhead resonator that is heated evenly can be derived and is
given by[18, 21]

Equation 5
R,= R,G'H,, (w)

E
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with the resonator’s Poisson’s ratio v, the thermal conductivity k, thickness h, emissivity ¢, and
lateral size L. o is the Stefan—Boltzmann constant.

Frequency stability and noise contributans

The very high sensitivity of EMILIE™ is due in part to its excellent frequency stability. The
frequency stability S, (w) in Equation 6 is the sum of the four following noise contributions

Equation 6
Sy (@)= Sy (w) + Sya (W) + Syr (W) + Sypn (W)

which are thermomechanical noise S, (w), detection noise S, 4 (w), temperature fluctuation
noise S, r (w), and photothermal back-action noise S, i (w)"'® 2. While there are other noise
contributions, such as adsorption-desorption noise, these are the dominating noise sources in
nanomechanical resonators such as EMILIE™.

Thermomechanical noise and temperature fluctuation noise are the two fundamental sources
that ultimately limit the sensitivity of nanomechanical photothermal spectroscopy. Ideally,
detection noise should be lower than thermomechanical noise to provide optimal performance.
EMILIE™ uses a low-noise electrodynamic detection scheme.
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Photothermal back-action noise typically can be neglected in low-noise light sources such as
Globars used in FT-IR spectrometers. However, it can become a significant noise source in light
sources with a high relative intensity noise, such as QCLs/??,

The NEP (Equation 1) can be estimated based on the thermomechanical and temperature
fluctuation noise contributions alone. The NEP for a silicon nitride drumhead resonator, such
as the EMILIE™ chip, and when operated in a closed-loop scheme, such as a self-sustaining
oscillator (SSO) as used in EMILIE™®3.241 is shown in Figure 5.
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Limit of detection of EMILIE™

The limit of detection (LoD) can be estimated from the NEP and the photothermal heating
induced by a sample for a given probing light power. The number of molecules n that give

a signal equivalent to the noise can be calculated from n=NEP/(IA), with the probing light
irradiance | in units of [W/m?] and the absorption cross-section of a single molecule A in unit of
[m2].

For the estimated NEP~4 pW/Hz'”?, as shown in Figure 5, the LoD can be estimated for a low noise
thermal light source with a power of 100 nW and a focal beam diameter of 1 mm?. For a
protein sample, e.g., BSA with a molecular mass of 66.5 kDa and an absorption cross-section
of 7.3x10% m? at a wavelength of 6 pm!?%, this results in an estimated LoD (3 sigma) of 180 pg
for an integration time of 1 second. This is a good approximation for the LoD of EMILIE™ used
in conjunction with an FT-IR and in agreement with experimental results!".

Key advantages of EMILIE™

Broad Spectral Range — Wavelength-independent sensing enables

measurements across the entire infrared range.

High Sensitivity at Room Temperature — No need for cryogenic cooling to
- achieve picogram-level detection limits.

Direct Sample Collection — Analytes can be deposited directly onto the

EMILIE™ chip from airborne aerosols, powders, or liquid dispersions.

Resilience to Optical Artifacts — Performance is unaffected by light

scattering or reflectance, ensuring robust signal interpretation of

particulate samples.

Integrated Temperature Control — Allows in-situ thermal desorption and

temperature stability studies.

Low Intrinsic Noise — Nanomechanical design ensures a high signal-to-

noise ratio.

Low Detection Limit — Capable of detecting minute sample quantities,

down to the picogram scale.
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