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Abstract 

Mid-infrared microspectroscopy is a non-invasive tool for identifying the molecular structure and 

chemical composition at the scale of the probe, i.e., at the scale of the beam. Consequently, 

investigating small objects or domains (commensurable to the wavelength) requires high-

resolution measurements, even down to the diffraction limit. Herein, different protocols and 

machines allowing high-resolution measurements in transmission mode (aperture size (i.e., beam 

size) from 15×15 μm to 3×3 μm are tested using the same sample. The model sample is a closed 

cavity containing a water-air assemblage buried in a quartz fragment (fluid inclusion). The spectral 

range covers the water stretching band (3000 - 3800 cm-1), whose variations are followed as a 

function of the distance to the cavity wall. The experiments compare the performance of one focal 

plane array (FPA) detector associated with a Globar source with respect to a single-element 

mercury cadmium telluride (MCT) detector associated with a supercontinuum laser (SCL) or a 

synchrotron radiation source (SRS). This work also outlines the importance of post-experiments 

data processing, including interference fringes removal and Mie scattering correction, to ensure 

that the observed spectral signatures are not related to optical aberrations. We show that the SCL 

and the SRS-based setups detect specific spectral features along the quartz boundary (solid 

surface), invisible to the FPA imaging microscope. Additionally, the broadband SCL has thus the 

potential to substitute at the laboratory scale the SRS for conducting diffraction-limited high-

resolution measurements. 
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1. Introduction 

Mid-infrared microspectroscopy is a well-established, non-destructive method for high-resolution 

measurements, which enables chemical analysis of samples, qualitatively in general or 

quantitatively, up to diffraction-limited spatial resolution.1 According to Abbe equation (d = 1.22 

λ / (2 NA)), the diffraction-limited resolution is commensurable with the wavelength (λ) of the 

spectral region of interest and with the numerical aperture (NA) of the applied objective.  Infrared 

microspectroscopy down to the diffraction limit has been widely applied to study biological 

samples in the past 40 years. It allowed exploring the individual cells for revealing the damage 

mechanisms and modification of protein structure,2, 3 diagnosing diseases,4-8 studying 

microbiology and bacteria,9-13 biochemical and biophysical modification processes,14-19 and 

variation of chemical composition.20-23 In all that, working at the diffraction limit was turned to 

downscale at the size of the individual biological object. Furthermore, this technique has been used 

in material science to investigate the charge dynamics in a single atomic layer of graphite,24, 25 in 

food industry for exploring the modification of protein structure,26-28 in astrophysics to probe the 

local geochemical conditions during aqueous alteration on the asteroid,29 and in geoscience to map 

the distributions of organic matter, chemicals and minerals on a micrometer scale in geological 

samples surface.30-34 In these studies, the objective was to reach an spatial resolution 

commensurable to the chemical distribution or to the heterogeneity in a material. More recently, 

in earth science and porous media, our group started using the high-resolution infrared 

transmission microspectroscopy to explore the water behavior at a solid-liquid interface.35 Probing 

interfaces is usually done through nonlinear techniques such as second-harmonic generation 

(SHG) or sum frequency generation spectroscopy (SFG),36-45 but we decided to apply the FTIR 

transmission microscopy according to classic linear spectroscopy. To increase the chance of 

getting specific spectral signatures near the interface, we targeted to use small beam, with size 

close to or at the diffraction limit. 

In the mid-infrared microspectroscopy setups, optical arrangement of microscopes might have 

different modes, such as confocal, semi-confocal, and aperture-less. The standard confocal mode 

consists in positioning an aperture (mask) in front of the detector in the focal plane of the objective. 

The aperture defines the beam size, creating a diffraction pattern that limits the actual spatial 

resolution. Some studies have shown that the higher-order diffraction was limited by utilizing two 

apertures, the first between the sample and the detector and the second between the IR source and 

the sample, called dual confocal mode.46, 47 The dual confocal configuration allows the beam to be 

focused on the sample while eliminating most of the diffraction pattern, but it incurs tremendous 

photon losses degrading the signal-to-noise ratio (SNR).47-50 There is a strong dependency between 

spatial resolution, aperture size (field of view), NA of the objective, SNR, and acquisition time 

(number of scans). The final beam size and then the best spatial resolution achievable by a given 

equipment result from combining all these factors.51 In this way, a bigger aperture size is suggested 

for acquiring the hyperspectral data with high SNR at a shorter acquisition time. However, spatial 

resolution moves away from the diffraction limit. 
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In order to record high-resolution measurements down to the diffraction limit, an IR source with 

high brilliance and collimation is required. Generally, the classical mid-infrared 

microspectroscopy setup exploits thermal emitters (silicon carbide—Globar). In many studies, a 

Globar source works properly down to an aperture of around 15×15 µm; below this value, the SNR 

of the recorded spectrum decreases because of the low photon count.52-55 Since the Globar emission 

is not directional, most radiation is lost in all directions, and only a small fraction is collected 

efficiently in the microscope optics. Using a collimated infrared source such as an infrared laser 

or a synchrotron radiation source (SRS) allows for easier and more efficient collimation in the 

microscope optics and reduces photon losses.53-55  

SRS use the property of charged particles that lose kinetic energy by emitting highly directional 

photon beams (emission of ‘Bremsstrahlung’ or ‘braking radiation’) when the particles are first 

accelerated at relativistic speeds and deviated in a magnetic field. Though a SRS can emit from 

the microwave to X-ray spectral regions, the Bremsstrahlung emission has several interesting 

properties, specifically for infrared microscopy: it covers an ultra-broadband spectral range from 

the Terahertz (mm wavelengths) to the near-infrared (1 µm wavelength), and it can be efficiently 

collected and focused in microscope optics thanks to its small emission angle. This last feature 

makes the SRS a tool of choice to perform high-resolution mid-infrared microspectroscopy 

measurements. They allow to achieve the diffraction-limited spatial resolution (aperture size 3×3 

µm)  over the 3.33-2.63 μm range related to the OH stretching band of water (following the Abbe 

equation, the diffraction limit is 2.53 µm in the case of the 2.7 µm wavelength).35, 56-58 Meanwhile, 

owing to the recent development of infrared laser technology, the quantum cascade lasers (QCL) 

and supercontinuum generation of lasers (SCL) have been employed as an alternative high-

brilliance infrared radiation source.51, 56, 59-64 QCL has enough power and brilliance to exploit an 

aperture size smaller than the wavelength of radiation and therefore perform high spatial resolution 

measurements.65, 66 However, QCL are discrete bandwidth sources, and so were not adapted to our 

study. SCL combines the primary benefits of a synchrotron light source, namely a high brilliance, 

high collimation, and diffraction-limited spatial resolution with broader bandwidth than the QCL 

in a compact structure. Obviously, the SCL spectral bandwidth is still limited compared to the 

ultra-broadband synchrotron sources.  

Most mid-infrared microspectroscopy setups employ confocal microscopes and single-element 

mercury cadmium telluride (MCT) detectors. In this configuration, the hyperspectral maps are 

acquired via point-by-point measurements. However, another type of detector called focal plane 

array (FPA) comprises multiple small detector components organized in a two-dimensional grid 

on a focal plane. FPA-based systems produce high-definition spectral images (definition being the 

number of pixels in the image). Each pixel corresponds to the projected region of the sample and 

represents a distinct, full infrared spectrum.67-70 

This paper aims to compare the efficiency of the mid-infrared microspectroscopy setups to deal 

with the interfacial water layer signatures in the light of previous synchrotron-based measurements 

revealing that liquid water can adopt specific infrared signatures along the water-quartz interfaces 
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within a micron-thick layer.35 The test sample is an intra-mineral cavity, buried inside a quartz 

crystal with sharp solid walls, and containing a liquid-air mixture in a totally closed environment. 

The quartz fragment was double-side polished down to a 19±1 µm thickness, and the cavity is 

located 4 µm beneath the top surface. This object is commonly called a fluid inclusion in Earth 

sciences, and offers optically sharp liquid-solid and liquid-air interfaces. Characterizing and 

quantifying the interfacial behavior requires recording mid-infrared transmission spectra at 

micron-scale in the OH stretching range of water (from 3000 to 3800 cm-1) along precise and 

reproducible locations. The OH stretching band is very sensitive to changes in the network of 

hydrogen bonds among the water molecules.71 The frequency of vibration of the stretching mode 

is commonly linked to the distance between the two oxygen atoms of the O-H⋯O bond.72, 73 As a 

result, it is possible to attribute an average length of the hydrogen bond to each vibration frequency.  

To explore the particular behavior of liquid water near the interfaces, three terms will be used in 

this study: “normal water,” “bulk water,” and “interfacial water.” Normal water corresponds to 

water not located inside any closed media. Bulk water refers to the water located in the middle of 

a synthetic fluid inclusion, far away from any solid-liquid interface. Interfacial water is defined as 

water within a thick layer along a solid wall. 

Since the interfacial signature may be modified over a sub-micron layer from the solid surface,74, 

75 we need to perform the high-resolution measurements at the diffraction limit with as small as 

possible beam size regarding the SNR. In this way, four different experimental setups, based on 

three different infrared sources (Globar, SCL, and SRS), two optical arrangements (confocal and 

apertureless), and two detectors (MCT and FPA), are employed. Then, the hyperspectral data 

recorded with each experimental setup are compared in terms of SNR and spectral profiles (peak 

shape and position).  
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2. Material and Methods 

 2.1. Synthetic fluid inclusion as the case study 

A series of microcavities in various crystalline hosts, the so-called fluid inclusions, are studied in 

our group. Their major advantages are: (i) their total closeness, (ii) the smoothness of the inner 

walls, (iii) often, the mineralogical equilibrium shape, evidenced by the negative crystal shape. 

Along the P-T conditions, liquid (water or solution) of known composition has a constant total 

volume, and follows either the monovariant saturation curve or the isochoric curve. The presence 

of the bubble is a chance to study the liquid-vapor interface, which is known to be hydrophobic. 

For the present study, we used synthetic fluid inclusion (SFI), which was produced in a solid quartz 

crystal by hydrothermal synthesis.35, 76 The quartz was chosen as a hosting mineral since it is poorly 

twinned, poorly soluble in saline solutions, and transparent in a wide range of electromagnetic 

radiation. The transparency is a crucial property for micro-FTIR measurements performed in the 

transmission mode. 

Figure 1 illustrates the shape of the chosen SFI, which is a closed pore with constant composition 

and well-defined solid-liquid and liquid-gas interfaces. This geometry provides an opportunity to 

record the absorption signature of water and quartz at accurate positioning and capture any 

underlying mechanism existing at the frontiers between the two phases (interphase domain). As 

shown in Figure 1A, there are three different phases in the fluid inclusion: solid (quartz), liquid 

(water), and gas (bubble of saturated water vapor). The length, width, and depth of the SFI are 60, 

20, and 5 µm, respectively. The diameter of the bubble is equal to 10µm, and its depth is 5µm. X-

ray tomography measurements with sub-micron accuracy confirm the planar shape of the fluid 

inclusion and its dimension (Figure 1B).35 It should be noted that all the mid-infrared 

microspectroscopy experiments are conducted with particular attention to the interfacial behavior 

of water located near the quartz boundary. 

   

Figure 1. A) Micrographic image of the synthetic fluid inclusion including three different phases: a) solid 

(quartz), b) bulk water, and c) gas (bubble of saturated water vapor). B) X-ray tomography image of SFI at 

0.5 µm spatial resolution (ID21 beamline, ESRF).35 

  

B) 

ID21 @ ESRF 
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 2.2. Experimental setups and conditions 

Table 1 shows four different FTIR setups employed to explore the interfacial signature of water 

near the quartz boundary (water-solid interface) in the transmission mode. In setup I, the Globar 

source was used with an FPA detector and an apertureless microscope. In setups II, III, and IV, we 

compared three infrared sources: Globar, SCL, and the SRS, respectively, with the same MCT 

detector and confocal microscope. The confocal geometry was obtained using the same 

Continuµm microscope which takes advantage of the catoptric design of the Schwarzschild 

objectives. They create a central obscuring of the incident beam below the primary mirror, a 

shadow, which prevents the radiation to collect most of the information outside the focal plane. 

The confocal arrangement is obtained by coupling that shadow with a special optical configuration 

called ‘single aperture dual path mode.’ 46, 77 This mode uses a single aperture, and confocality is 

obtained by passing the IR beam twice through it, once before the sample and once after crossing 

it. Actually, in transmission geometry, the shadow is present above and below the specimen placed 

at the confocal plan. This configuration allows confocal measurement, reduces diffraction, and 

improves X, Y, and Z spatial resolutions.46, 77 However, as the radiation crosses all the sample, we 

cannot exclude a contribution of the whole volume of water into the recorded signal in various, 

but likely small, proportions. 

The main differences between the sources were their brilliance and collimation, which allowed us 

to obtain a high SNR (Table 1) at various beam sizes (from 15×15 to 3×3 μm). Experiments using 

setups I and IV were conducted at the SMIS beamline at the SOLEIL Synchrotron facility (Gif sur 

Yvette, France), whereas those based on setups II and III were performed at the Earth Sciences 

Institute of Orléans, ISTO (Orléans, France).  

During all the mid-infrared microspectroscopy experiments (Table 1), the spectrum of water in the 

fluid inclusion was recorded in the OH stretching range. This is because the quartz cut-off occurred 

at the wavenumbers below 2000 cm-1; consequently, all low-wavenumber features were masked 

by the quartz absorption. The background spectrum was recorded through the surrounding quartz 

matrix before each set of spectra, to remove the effects of any changes in atmospheric CO2 and 

water vapor. All spectra were recorded in transmission mode at 8 cm-1 spectral resolution with 256 

scans. All spectra of bulk and near the interface, acquired with the four setups, are shown after 

processing, including baseline correction (by subtracting a linear baseline in the 2800 - 4200 cm-

1) and normalization using OriginPro v.2021 software. Moreover, the FFT filter method with 15-

20 points of window was employed by using OriginPro v.2021 software for smoothing the bulk 

water spectra. In the case of the spectra recorded by setups III and IV, additional processing 

methods, such as interference fringe removal and Mie-scattering correction, were done by 

implementing an algorithm in Igor Pro 9.0 software and deep learning-based modelling, 

respectively. For the interference fringe removal, the method illustrated in Ref.78, and for Mie-

scattering correction, the method presented in Ref.79 were applied to the raw spectra as described 

below. The SNR was calculated similarly to the method applied in [Ref. 56, 80] using the following 

equations:  
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SNR= √n ×
Saverage

σ
= √n ×

1

RMS
 

Where n is the number of scans, S_average is average absorbance value in the chosen spectral 

range, σ is standard deviation, corresponding to the differences between the highest and lowest 

absorbance value in the chosen spectral range, and RMS is root mean square of noise level.  

In the case of setups II, III and IV, the 4000-4200 cm-1 spectral range, where no specific absorption 

peaks are present, was consider in the calculations. Exceptionally, for setup I, because of reduced 

spectral range available, the 2400-2600 cm-1 range was chosen. 

Table 1. The detailed information of four FTIR experimental setups employed for recording the interfacial 

signature of water near the quartz boundary (water-solid interface) in transmission mode. 

Setup IR source Spectrometer Microscope 

Microscope 

optical 

arrangement 

Detector 

The 

smallest 

beam size 

Spectral 

range 

(cm-1) 

Signal

-to-

noise 

ratio 

I 

Globar 

Cary 670 
Cary 620 

(Agilent) 
Apertureless 

Focal 

Plane 

Array 

(FPA) 

0.65×0.65 

(projected 

pixel size) 

900-3950 241 

II  

Nicolet 6700 

  Nicolet 

Continuµm  

Confocal 

(single 

aperture dual 

path mode) 

Single 

element 

mercury 

cadmium 

telluride 

(MCT) 

15×15 μm 

2800-

4200 

 

358 

III 
Supercontinuum 

laser (SCL) 
5×5 μm 196 

IV 
Synchrotron 

(SRS) 
Nicolet 8700  3×3 μm 148 

 

 2.2.1. Setup I  

The set of infrared transmission spectral images was taken on a Cary 620 series FTIR aperture-

less microscope (Agilent, Courtaboeuf, France) equipped with a liquid-nitrogen cooled 128×128 

pixels Lancer FPA detector and coupled to a Cary 670 FTIR spectrometer using a KBr beamsplitter 

and a Michelson interferometer with an internal source (Globar). The microscope was equipped 

with a 25X objective (NA = 0.81) and matching condenser amplified by high magnification optics 

giving a final magnification of 62.5X. The FPA detector and the high magnification optics provide 

the theoretical projected pixel size of 0.65×0.65 μm and a field of vision of 84×84 μm. 
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 2.2.2. Setup II 

Setups II was based on a Continuµm microscope coupled to a Nicolet 6700 FTIR spectrometer 

(Thermo Fisher Scientific, USA) with an internal source (Globar). The microscope was equipped 

with liquid-nitrogen cooled 50 µm MCT detector, a 32X infinity-corrected Schwarzschild type 

objective (NA = 0.65, WD = 7 mm, allowing a maximum beam size of 50×50 µm), and a matching 

32X condenser that worked in the confocal mode. Herein, the Continuµm microscope uses the 

‘single aperture dual path mode’ to obtain a confocal geometry. The minimum beam size acquired 

by this setup, is limited by the achievable SNR and the light transmittance value, is equal to 15×15 

μm. 

 2.2.3. Setup III 

Setup III was based on setup II and had the same configuration except for the IR source. In this 

setup, the unpolarized supercontinuum laser (Coverage®, Novae, Limoges, France) was employed 

as an infrared source.64, 81 Coverage® is a turn-key supercontinuum source that emits a continuous 

spectrum from 1.9 µm up to 4.0 µm (5260 to 2560 cm-1) in the LP01 emission mode. The very 

high brilliance associated with the collimated laser, high output power (>1.5W), and average 

spectral power density (up to 0.5 mW/nm) make this all-fiber integrated laser a suitable device for 

a wide range of micro-beam applications. Although this high-power level is needed to enable and 

fully use the non-linear processes in the optical fiber, it could damage optical parts, especially the 

aperture blades, the detector, and the sample. To avoid the potential damage, we used a reflective 

IR neutral density filter (ND=0.3, NDIR03A, Thorlabs) to decrease the intensity of the source. The 

Coverage® laser source had been coupled to the Nicolet spectrometer in the Earth Sciences 

Institute of Orléans, ISTO (Orléans, France) by an in-house designed optical configuration. Due 

to the high brilliance and collimation of this laser source, an aperture size of 5×5 µm2 has been 

reached with a high SNR. The hyperspectral data (rectangular and linear maps) of the SFI were 

recorded with 2 µm and 1 µm step sizes (smaller than the beam size), respectively. 

 2.2.4. Setup IV 

The mid-infrared microspectroscopy setup in the SMIS beamline was equipped with the same 

Continuµm microscope as the setup II and III coupled to a Nicolet 8700 FTIR spectrometer 

(Thermo Fisher Scientific, USA). For the infrared source, synchrotron edge radiation from a 

bending magnet at the SMIS beamline of the SOLEIL Synchrotron Facility was used at the SMIS 

2 branch. During the beamtime, the synchrotron emitted at a constant current of 500 mA.49, 82 The 

edge radiation is mainly circularly polarized, but the beam also contains an undefined proportion 

of bending radiation, which is linearly polarized. The synchrotron radiation is emitted with an 

angular dependence; longer wavelengths are emitted at higher angles. This may result in chromatic 

aberrations, especially through high refractive index or birefringent materials. Quartz is a slightly 

birefringent crystal but the fragment was cut perpendicular to the c axis, so that no effect is 

expected. Also, the change in the refractive index from quartz to water (and back) is quite limited. 

Consequently, we expect no chromatic aberrations for the synchrotron measurements. 
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Due to the high quality (in terms of brilliance and collimation) of the radiation source, an aperture 

size of 3×3 μm was achieved. This IR beam approached the diffraction limit, which is 2.53 μm at 

2.7 μm wavelength (using Abbe equation). For recording the spectral rectangular and linear maps 

of SFI, the step size was defined as 2 μm and 1 μm, respectively. 

 3. Results 

 3.1. Normal, bulk, and interfacial behavior of water 

Figure 2 compares the absorption spectra of the normal and bulk water. The spectrum of normal 

water was recorded on a water film with a thickness of about 1 μm deposited between two CaF2 

windows (13 mm x 2 mm) to avoid any signal saturation. Figure 2 shows the differences between 

the OH stretching band profile characteristics of normal and bulk water after normalization. As 

shown, the normal water has a narrower peak (centered around 3400 cm-1) than the bulk water. It 

is worth noting that the spectra are not saturated, i.e., the raw absorbance values never exceed 1.3 

(arb. units), and the transmittance value is 5% at minimum. However, even if this positive value 

guarantees that the spectrum expresses the IR absorbance dynamics of liquid water, it is small 

enough to give birth to the small parasitic peaks observed at the top of the OH-stretching band. To 

avoid altering the spectra with this artefact, while keeping the full meaning of the spectra shapes, 

the FFT filter method (OriginPro v.2021 software) with 15-20 points within the window was 

employed to smooth all the spectra affected, namely bulk and normal water. 

The spectrum of bulk water recorded in the middle of fluid inclusion is considered as the reference 

spectral signature of water in this study. Namely, its spectral profile (peak shape and position) will 

be carefully compared to other spectra recorded along the solid-liquid interface as a function of 

distance from the quartz boundary. The setup configurations (Table 1) will be evaluated based on 

their potential to capture the interface signature, which is defined as an additional band appearing 

in the OH stretching region between 3650 and 3750 cm-1.   
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Figure 2. The comparison of the mid-infrared absorption spectra characteristic of normal water (not located 

inside the fluid inclusion or any closed media) and of bulk water (water located in the center of SFI 

(micrometric closed media). 

Figure 3 compares the average/representative spectra of the OH stretching band recorded in the 

middle of SFI (bulk) and near the quartz-water interface using four different experimental setups. 

Further on, Figure 4 demonstrates that the band shapes and the absorbance values change as a 

function of the beam location in the SFI, i.e., from the middle (bulk) to the edge (interface). In 

Figure 4, by showing the series of vertical linear maps across the SFI, the characteristic spectra of 

quartz, quartz-water interface, and bulk water can be well distinguished. 

Setups III and IV, with aperture sizes of 5×5 μm and 3×3 μm, respectively, revealed the presence 

of the sharp deformation of the water spectrum at ca. 3700 cm-1 when approaching the interface. 

This spectral feature is similar to that previously detected in a water layer within one micrometer 

of a siloxane-dominated quartz wall.35 On the contrary, this interface signature of water cannot be 

recorded with setup I or with setup II. Consequently, the SCL and SRS-based setups (Figures 3C 

and D) allowed us to record the interfacial behavior up to 1 μm far from the quartz surface on both 

sides (symmetric condition). This result proved that exploiting the beam down to the diffraction 

limit is crucial for recording the interfacial behavior of water molecules.  
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Figure 3. The representative mid-infrared spectra of bulk and interface water (at the quartz boundary) using 

A) setup I, B) setup II, C) setup III, and D) setup IV. The spectra were normalized and baseline corrected. 

The arrows show the interfacial signature of water recording with setups III and IV.  
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Figure 4. The variation of OH stretching band recorded across the SFI (from point B to point H or K) with 

A) setup I (aperture-less), B) setup II, C) setup III, and D) setup IV. Black lines (dash-dot line) correspond 

to quartz, green (solid line) to the near liquid-solid interface, and purple (dash line) to bulk behavior. The 

blue squares in panels B, C, and D correspond to the aperture size.  
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 3.2. Data processing 

The collimation of infrared radiation emerging from a synchrotron and supercontinuum laser offers 

many significant benefits. However, from a physical point of view, the interaction between a small 

beam and micrometric objects can create artefacts such as interference fringes, called also 

sinusoidal waveform or oscillations. Their presence is detrimental since they can be at the origin 

of incorrect features such as peak shifts, baseline drifts, shoulders, noise, and dispersion in the 

final spectrum.83 This can be more prominent when one deals with samples such as spheres or rods 

with sizes similar to the beam size, where Mie-type scattering may occur.84, 85 This can 

significantly affect the SNR of diffraction-limited spatial resolution measurements since scattering 

may direct the main intensity of the beam out of the confocal aperture. 

Probing samples with plane-parallel sides, such as the upper and lower quartz surface in a distance 

of micrometers in mid-infrared spectroscopy transmission measurements, may lead to multiple 

reflections of the beam and broad sinusoidal trends in baselines called interference fringes that 

overlay with chemical spectral features.86, 87 

Interference fringes and Mie scattering effect are the two main features observed in the raw spectra, 

making them challenging to use for their analytical function.84, 85, 88-91 Figure 5A shows a sinusoidal 

baseline with an almost constant period recorded in all our spectra, whereas Figure 6A shows the 

Mie scattering effect (large and broad undulation of the baseline c.a. 3700 cm-1). The following 

part will discuss how these two main artifacts can be corrected.  

3.2.1. Interference fringes (side-band effect) 

As shown in figure 5A, the oscillations are the common physical feature in our mid-infrared 

microspectroscopy measurements, especially well seen in the case of setups III and IV. The period 

of the sinusoid can be used to compute the distance between the two semi-reflective surfaces using 

the following equation: Δυ = 1 / (2dn), where Δυ = the increment in wavenumber between 

successive interference fringes, d = thickness of the fragment, and n = refractive index of the 

material.92 According to this equation, the thickness of the quartz fragment hosting the SFI can be 

estimated to 18 ± 1 μm, which is in good agreement with its actual thickness according to CT 

tomography (19 ± 1 μm).  

Processing the acquired data is necessary to define and quantify the various absorbance spectrum 

contributions individually in the hyperspectral data. Some models allow suppressing the 

interference fringes in FTIR data.86, 87, 93, 94 A modified interferogram can suppress interference 

fringes in the absorption/transmission spectrum by replacing the sinusoidal trend in the 

interferogram with a horizontal line.95 Using the central burst to model and eliminate the side 

bursts is another approach to directly edit the interferogram for rectification.96 There are other 

correcting methods, which take advantage of the fact that interference fringes have much lower 

intensity than desired spectral features; therefore, exploiting the filtering techniques either in the 

spectral domain, such as a series expansion of the spectrum to eliminate low-frequency terms97 or 
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in the Fourier domain90 can remove the fringes. Other methods employ a partial least-squares 

method to eliminate interference fringes and noises.78, 98-100 

In this study, the same procedure as Faggin and Hines was applied, which determines the amplitude 

and period for every fringe in the absorption spectrum.78 This procedure first defines sharp and 

broad absorption features relative to the frequency of the interference fringes. Following this step, 

we worked on the interferogram, and the frequency of the components related to the interference 

fringes was identified. After isolating the remaining components with respect to their wavenumber 

by applying the filtering method, the interferogram was Fourier-transformed to create the pure 

spectrum of the interference fringes. Finally, the isolated pure interference fringes were subtracted 

from the original spectrum (Figure 5A). Figure 5B shows the corrected spectra after the data 

treatment with the software Igor 9.0 for removing the interference fringes and baseline correction 

with the OriginPro v.2021 (peak analyzer function). 

   
Figure 5. A) Bulk and interface mid-infrared spectra of water recorded with setups II, III, and IV showed 

the oscillating interference fringes. B) The corrected spectra of bulk and interface water after interference 

fringes removal processing according to Faggin and Hines’s method.78 

  3.2.2. Mie Scattering effect 

The phenomenon called Mie scattering was first studied analytically by Gustav Mie, as he 

presented the mathematical description of light scattering of an electromagnetic plane wave by a 

homogeneous sphere of arbitrary size.101 Mohlenhoff and Romeo et al. were the first to report on 

Mie scattering in mid-infrared microspectroscopy of biological cells.84, 85 Mie scattering is seen 

mostly as large and highly non-linear baseline fluctuations in the absorbance spectra. In addition, 

strong peak distortions are observed since absorption and scattering are highly entangled in Mie-

type scattering, where the scattering depends on the complex refractive index whose real part 

determines the optical properties and the imaginary part to the absorption properties. The real and 

imaginary part of the refractive index are related through a Kramers-Kronig relation. Mie 

scattering is particularly pronounced where the surface of an object has a local curvature with a 

radius that is on the same order of magnitude as the wavelength of the radiation. Practical 

B) A) 
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approximation theories have been established for the intricate Mie formalism, which captures 

many important scattering aspects.102, 103 Generally, it is necessary to disentangle Mie scattering 

and other physical effects from the molecular absorption in FTIR absorbance spectra to make 

conclusions about the chemistry of the samples.  

There are several correction methods for handling physical effects in FTIR spectroscopy. The most 

used is the Extended Multiplicative Signal Correction (EMSC), a flexible approach for correcting 

FTIR spectra, and in particular, the Mie Extinction EMSC has been used for several cases to 

remove Mie scattering efficiently.104-109 Recently, deep learning-based approaches for Mie 

scattering correction have also been employed to successfully disentangle absorption and 

scattering contributions in the hyperspectral FTIR data and, in some cases, even outperform the 

EMSC-based algorithms.79, 110  

As seen in Figure 6A, there is a large baseline undulation in the spectra taken in/around the bubble. 

To correct these spectra, we trained a scatter correction model on simulated spectral data similar 

manner to Ref.79, where a deep learning model is trained to solve the IR spectroscopic inverse 

scattering problem. We built a deep convolutional neural network (DCNN) to infer the pure 

absorbance spectra as well as give an estimate of the refractive index and the radius of the curvature 

on which the light scatters. Then, Figure 6B shows the water spectra in/around the bubble after 

Mie scattering correction. 

The model was trained on data created by simulating IR spectroscopic measurements. Due to the 

relative simplicity of the IR spectra of water, we trained our model on completely simulated 

absorbance spectra, where we simulated the water spectra as superpositions of three Gaussian 

curves. Indeed, decomposing the OH stretching region with three Gaussian components is a very 

classic scheme,111, 112 providing excellent fits of the data with a minimum number of parameters 

(Okham’s razor principle). We created the training data for our DCNN by simulating the bulk 

water spectra  as three Gaussian sub-bands with randomly varying widths and heights and then 

calculating the scatter-distorted spectra for different spherical scatterers with radii between 2 and 

13 microns and refractive index ratios between 0.2 and 1.3 by solving Maxwell’s equations and 

calculating the loss of radiation as the light travels through the sample.103, 113 Thereafter, we trained 

the model to solve the inverse problem and infer the absorbance spectra from the scatter-distorted 

spectra and the physical properties of the sample. The architecture of the DCNN is essentially the 

same as in Ref.79, apart from the fact that we only have one spectral output channel since we need 

consider only a single sphere.    

After completing training, we have a model that corrects the measured spectra, gives us the 

absorbance spectra, as well as predicting the radius and refractive index ratio.  Thus, it can correct 

the scattering in the measured spectra in/around the bubble. We also used the corrected spectra 

and predicted physical parameters and simulate the scatter-distorted spectra to check that this is 

similar to the measured spectra and thereby demonstrate that our corrected spectra are viable and 

that Mie scattering can indeed explain the undulations seen in the measured spectra. It is crystal 
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clear in Figure 6A that the simulated spectra are reasonably similar to the measured spectra 

in/around the bubble.  

  

 

 

 

Figure 6. A) The measured and simulated mid-infrared spectra with the Mie scattering effect occurred 

in/around the bubble (acquired by setup III). B) The spectra after Mie-scattering correction and normalized 

with respect to the bulk water. 

  3.2.3. Final spectra after processes 

Figure 7 shows the bulk and interface water spectra recorded with setups III and IV after applying 

the processing methods to eliminate the interference fringes and Mie scattering contributions. As 

can be seen, both experimental setups with diffraction-limited spatial resolution reveal evident 

differences between the bulk and interface as well as the presence of the particular spectral 

signature of water in the vicinity of the micrometric scale solid boundary. It is worth noting that 

the interfacial contribution is much better detectable after processing. This confirms 

unambiguously that the origin of the recorded interfacial signature is not related to any scattering 

effect.  

Almost the same spectra of bulk water were recorded using setups III and IV. However, there is a 

slight discrepancy between the interface signatures. This difference in the spectral profile (shape) 

can be related to the smaller aperture size and higher spatial resolution provided by setup IV. In 

this setup, the integrated area of the interface spectrum and its absorption value are lower than 

those obtained by setup III. Also, it can be related to the geometry of the fluid inclusion, especially 

near the edges where the beam size is commensurate with the depth of SFI. Nevertheless, the main 

peak position locates in the same wavenumber (c.a. 3700 cm-1) for both interface spectra (either 

setup III or IV). 

B)  A)  
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Figure 7. The average/representative mid-infrared spectra of bulk and interface water in the SFI after 

processing acquired by A) setup III and B) setup IV.  

 3.3. Hyperspectral absorption maps of SFI  

  3.3.1. Insight from setup III  

A rastered hyperspectral map provides an opportunity to detect the interfacial effect in the SFI and 

compare the spectra more meticulously as a function of the beam location. Figure 8 shows the 

rectangular spectral map of SFI recorded with setup III in the laboratory after a few processing 

steps (baseline correction, normalization, and interference fringes removal). Two different 

absorbance distribution maps are presented with respect to the two characteristic wavenumbers: i) 

3400 cm-1, which corresponds to the bulk signature of water as previously shown in Figure 7A, 

and ii) 3700 cm-1 assigned to the interface signature. As shown in Figure 8, the bulk-like water 

spectra with maximum absorption values were observed in the middle of inclusion (far from the 

liquid-solid and liquid-vapor interfaces). Regarding the absorption value in bulk, this value 

gradually diminished toward the SFI edges, most likely because of reduced water quantity in the 

SFI borders.  

Figure 8A shows the absorbance distribution maps before Mie scattering correction in which the 

interfacial behavior is observed in/around the bubble and along the quartz boundary. This is related 

to a large undulation detected at almost the same wavenumber as the interfacial signature (c.a. 

3700 cm-1) appearing in/around the bubble, which, as previously shown (Figure 6A), corresponds 

to the Mie scattering effect. By applying the Mie scattering correction method on all hyperspectral 

data, the interfacial behavior of water is observed near the quartz boundary, i.e., along the liquid-

solid interface, and also around the bubble (water-air interface) (Figure 8B). 

A) B)  

SCL - 

MCT 

SRS - 

MCT 
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Figure 8. Hyperspectral maps of the SFI acquired by setup III showing the distribution of absorbance at 

two characteristic wavenumbers: 3400 cm-1 related to the bulk and 3700 cm-1 representing the interface 

water behavior A) before and B) after Mie scattering correction. 

  3.3.2. Insight from setup IV 

Hyperspectral maps were also recorded using synchrotron radiation as an IR source. Because of 

the higher brilliance and collimation, the beam size could be reduced to 3×3 μm. With this setup, 

the spectral maps were taken exclusively along the half-left part of the fluid inclusion to avoid 

undesirable movement of the bubble. It is important to note that high energy and heat transfer of 

the synchrotron source caused a rapid movement of the bubble when the beam was focused on it. 

Since the bubble follows the beam location when getting in focus, we tried to avoid approaching 

too close to the bubble because such a situation significantly masks either the bulk or the interface 

features. Figure 9 shows the absorbance distribution maps of the half fluid inclusion after 

processing (baseline correction, normalization, and interference fringes removal) at the two 

characteristics wavenumbers representing the bulk (c.a. 3400 cm-1) and interface (c.a. 3700 cm-1) 

water behavior (as shown before in Figure 7B). The interfacial spectral signature appears very 

sharp due to the higher spatial resolution of this method. As can be seen, there is a good agreement 

between the hyperspectral maps obtained from setup IV and setup III. 
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Figure 9. Hyperspectral maps of the SFI acquired by setup IV (synchrotron beam) show the absorbance 

distribution at two characteristic wavenumbers: 3400 cm-1 related to the bulk and 3700 cm-1 representing 

the interface. 

4. Discussion 

This study aimed to test the performance of four FTIR experimental setups (Table 1) applied to 

SFI (trapped water inside a quartz cavity) to detect micrometer-scale interface-imprinted spectral 

features. According to the presented results, setup IV employing a synchrotron radiation source 

allowed to record the sharpest, well-resolved band near 3700 cm-1, which is unambiguous evidence 

of the specific behavior of water near the quartz-water interface. This is related to the high spatial 

resolution down to the diffraction limit (equal to 2.53 μm at 2.7 μm wavelength) offered by the 

synchrotron source coupled to the confocal microscope. Our results are consistent with those of 

Bergonzi’s, which revealed for the first time the specific interfacial behavior of water molecules 

at the micrometric scale along a solid wall.35 

This is worth noting that almost the same results were recorded by setup III, based on the mid-

infrared fiber-based supercontinuum laser that allowed to achieve beam size of 5×5 μm in the 

laboratory condition. These results are coherent with previous ones,51, 56 which revealed the ability 

of supercontinuum laser sources to perform high-resolution micro-FTIR measurements.  

In contrast, the FPA images obtained from setup I did not allow to record the interface signature 

accurately because the interface domain is smaller than the actual spatial resolution of the system. 

Nevertheless, the aperture-less microscope with the FPA detector allows substantially faster data 

gathering at a spatial resolution two or three times bigger than the diffraction limit. These results 

confirm previous experiments, which demonstrated that the FPA detector may not always be 

suitable for exploring the chemical or physical features at the diffraction limit.70 This may be 

counterintuitive as the area on the sample covered by each detector element has a dimension below 

the diffraction limit. However, because of the diffraction, each detector element receives a 

contribution from an area bigger than the area on the sample nominally covered by each element. 
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The microscope aperture of a confocal microscope employing synchrotron-based radiation or a 

supercontinuum laser source allows to control of the spatial resolution at the diffraction limit and 

consequently records the interfacial signature. In the FPA detector-equipped microscope, physical 

apertures do not limit the IR beam illuminating region. Instead, the projected image of the 

unmasked IR beam on the sample is collected using an array of IR detector components; therefore, 

the precision of aperture-less images is highly dependent on the optical system magnification and 

numerical aperture.70, 114, 115  

The experiments performed in this study demonstrate that FTIR technique applied in the 

diffraction limit resolution can be used to study the water behavior in the micrometric fluid 

inclusion. The water behavior and corresponding spectra are highly affected as a function of beam 

location toward the quartz and the gas bubble; however, they are partly affected by optical issues, 

such as interference fringes and Mie scattering. The former corresponds to the thickness of the 

quartz fragment, and the latter relates to the shape of the bubble. All these phenomena can overlay 

with chemical spectral features and may cast doubt that such signatures are a general feature which 

have a systematic significance for the water-solid interphase as a whole. That is why two different 

methods were applied to suppress these trends. After processing the data, the variation of the 

overall band shape has been emphasized, making clear that an additional peak at ca. 3700 cm-1 

takes place systematically in the vicinity of the quartz boundary. The existence of two 

contributions at 3400 cm-1 and 3700 cm-1 can be assigned to the difference in H-bonding due to 

the fact that the properties of solid surface is known to alter the H-bonding structure of water at 

interfaces.116-120 

As mentioned earlier, the variation in the H-bonding near the interfaces in general is commonly 

investigated by nonlinear vibrational spectroscopic techniques, like SHG or SFG.36, 37 The SFG 

measurement on hydrophilic surfaces revealed the presence of two peaks at 3250 cm-1 and 3450 

cm-1, leading to conclude that the water network is locally ordered close to a hydrophilic solid 

surface.38-40 On the contrary, the peak between 3650 and 3750 cm-1 can be attributed either to 

isolated silanol groups41 or in the case of water near to hydrophobic surface can be corresponded 

to free OH groups.39, 42, 44, 45, 121 In our case, the OH stretching bands of normal and bulk water 

show a strong lower wavenumber component (c.a. 3400 cm-1), and they do not have a shoulder at 

higher wavenumbers (c.a. 3700 cm-1), which is coherent with previous studies.35, 112, 122 A band 

detected between 3650 and 3750 cm-1, visible along the quartz boundary (water-quartz interface), 

can be assigned to the absorption of weakly hydrogen bonded water molecules   near the 

hydrophobic surface.35, 123, 124 Indeed, the silica can form either a hydrophilic or hydrophobic 

surface with respect to the ratio of siloxane bridge (Si-O-Si) to silanol groups (Si-O-H).125 

However, we did not record the distinct peak (i.e., separated from the OH stretching band) c.a. 

3700 cm-1 similar to SFG measurements but we observed an additional peak as a band broadening 

within the stretching modes of water. As a consequence, the peak is not interpreted as detecting a 

pure free OH (dangling OH) mode, but assigned to an enrichment of interfacial water in the less-

connected water molecules. In this way of reasoning, this interfacial behavior and the disruption 
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between the water H-bonding might be originated from an hydrophobic character of quartz and 

active surface forces like the hydrophobic force emanating from the surface and causing the 

disorganization (chaotropic effect) of water molecules,35 over a distance that has never been 

recorded up to now.  

5. Conclusion 

In this study, the interfacial behavior of water in synthetic fluid inclusion was investigated by high-

resolution mid-infrared microspectroscopy measurements in transmission mode. The OH 

stretching region of water molecules (3000 to 3800 cm-1) was recorded with four different setups 

to test the potential of beam at the diffraction limit for detecting the spectral features along the 

interface. We observed two undesirable trends in our raw data related to interference fringes and 

Mie scattering. These trends can be a common problem in the case of a micrometric-scale object 

like fluid inclusion. We applied the filtering algorithm and deep learning-based models for the 

interference fringes and Mie scattering to suppress these physical effects and correct the spectra. 

According to the results, two main parameters play a major role in the high-resolution mid-infrared 

microspectroscopy: the optical arrangement of the microscope and the infrared source. Regarding 

the optical arrangement of microscopes, the confocal mode with dual path single aperture 

configuration connected to the single-element MCT detector has a higher efficiency in terms of 

spatial resolution compared to the aperture-less microscope connected to the FPA detector.  

After conducting the experiments with three different infrared sources (Globar, SCL, and SRS), 

the hyperspectral data of the synthetic fluid inclusion proved the ability of setup III based on the 

supercontinuum laser (aperture size = 5×5 μm), coupled to the confocal microscope, and equipped 

with the MCT to record the interfacial behavior of water. The interfacial behavior of water has 

been observed with a vibrational signature between 3650 and 3750 cm-1. These high-resolution 

measurements revealed that the vibrational energy of water changes over a significant thickness 

from the quartz boundary (solid-liquid interface). The acquired data are consistent with the 

synchrotron measurements, which were recorded by the aperture size equal to 3×3 μm.  

Therefore, the supercontinuum laser can be considered an alternative to a synchrotron source to 

obtain a high brilliance and collimated broadband infrared source in the MIR with a high spatial 

resolution. This feature can make the laser a suitable source in the mid-infrared microspectroscopy 

setups for conducting high-resolution measurements down to the diffraction limit, especially in the 

field of geoscience and porous media, where a smaller beam size than the pore size is required to 

record the chemical composition or physical features of the pore.  
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