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Abstract. Infrared attenuated total reflection (ATR) spectroscopy is a common laboratory technique for the
analysis of highly absorbing liquids and solids, and a variety of ATR accessories for laboratory FTIR spectrome-
ters are available. However, ATR spectroscopy is rarely found in industrial processes, where compact, robust, and
cost-effective sensors for continuous operation are required. Here, narrowband photometers are more appropriate
than FTIR instruments. We show the concept and implementation of a compact Si-based ATR module with a
four-channel microelectromechanical systems (MEMS) detector. Measurements of liquid mixtures demonstrate
the suitability for applications in the chemical industry. Apart from sapphire (for wavelengths below 5 um) and
diamond (extending to the far-infrared region), most materials for ATR elements do not have either high enough
infrared transmission or sufficient mechanical and chemical stability to be exposed to process fluids, abrasive
components, or aggressive cleaning agents. However, using diamond coatings on Si improves the stability of the
sensor surface. In addition, by proper choice of incidence angle and coating thickness, an enhancement of the
ATR absorbance is theoretically expected and demonstrated by first experiments using a compact sensor module

with a diamond-coated Si ATR element.

1 Introduction

Infrared attenuated total reflection (ATR) spectroscopy is a
common technique for the analysis of highly absorbing lig-
uid or solid samples. When radiation in an optical material
is totally reflected at an interface with a material of a lower
index of refraction, part of the wave penetrates into the sam-
ple. The penetration depth of this evanescent wave, i.e., the
probed sample thickness, is approximately equal to the ra-
diation wavelength A; in the sample (Harrick, 1965, 1987).
In the mid-infrared (MIR) range (3 < A < 20 pum), this corre-
sponds to only a few micrometers. In the laboratory, ATR has
widespread applications, e.g., in medical diagnostics (Heise
et al., 2001; Lambrecht et al., 2006), food quality analy-
sis (Su and Sun, 2019), the beverage industry (Anton Paar,
2022; Centec, 2022), water contamination monitoring (Lu et
al., 2013), determination of moisture in transformer and lu-
brication oil (Sim and Jeffrey Kimura, 2019), pharmaceutical

process analytics (Helmdach et al., 2013), and monitoring of
rubber polymerization (Dubé and Li, 2010).

Most materials for MIR ATR spectroscopy do not have
either high enough infrared transmission or sufficient me-
chanical and chemical stability to be exposed to process
fluids, abrasive components, or aggressive cleaning agents.
Up to a wavelength of 5um, sapphire is a suitable and es-
tablished material (Anton Paar, 2022; Centec, 2022; Lam-
brecht et al., 2020). For longer wavelengths, diamond is the
usual choice. However, because of the high costs, only very
small diamond elements, e.g., tiny crystals at the tip of fiber
probes, are generally employed (art photonics GmbH, 2022;
IFS GmbH, 2023). These diamond crystals only allow a few
ATR reflections, so the sensitivity is reduced compared to
planar sensors with larger ATR elements. However, rugged
probes with a planar diamond crystal allowing multiple ATR
reflections are also available and have been successfully used
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for process analytics in a laboratory environment (Koch et
al., 2015; Steinbach et al., 2020; Gasser et al., 2018).

ATR crystals, e.g., Si, Ge, and ZnSe, may be used for the
longer-wavelength MIR range. But these materials are not
sufficiently robust for use in industrial processes to be ex-
posed to process fluids, abrasive components, and aggres-
sive cleaning-in-place (CIP) agents (Pike Technologies, Inc.,
2022). For applications in, e.g., chemical and food industries,
sensors have to withstand mechanical scrubbing, hot water
vapor, and acids and bases.

In previous work (Arndt et al., 2021), we have investi-
gated nanocrystalline diamond (NCD) coatings on Si ATR
elements. With these coatings, a sufficient robustness of the
ATR elements against CIP agents was observed. In general,
one would expect a reduction in the sensitivity of a coated
ATR element compared to an uncoated crystal. However, the-
oretical and experimental results indicate that by a proper
choice of angle of incidence, coating thickness, and wave-
length, an enhancement of the absorbance can be achieved.
These results are outlined in Sect. 2.

Compared to a laboratory, industrial processes require
compact, robust, and cost-effective sensors for continuous
operation. Here, narrowband photometers are more appro-
priate than FTIR instruments. Harnessing microelectrome-
chanical systems (MEMS) technologies and packaging tech-
niques already established for infrared detectors and emit-
ters, a compact sensor device can be realized. A concept of a
miniaturized and highly integrated MEMS ATR sensor based
on Si wafer processing was proposed and investigated by
de Graaf et al. (2008). However, this concept has only a lim-
ited radiation throughput, which is too low for sensitive ATR
measurements. In Sect. 3 we describe a hybrid packaging
concept which enables the incorporation of state-of-the-art
MEMS thermal emitters and optimized thermopile detectors.
Based on this concept, we fabricated two compact ATR sen-
sors with Si-ATR elements, one uncoated and one protected
with an NCD coating.

In Sect. 4 we report first measurements with these sensors
using solutions of acetonitrile (AC) and of the BASF prod-
uct Basonat HI100 (trimerized hexamethylene diisocyanate
(HDI)) in propylene carbonate (PC), which we have used
previously (Lambrecht et al., 2020; Arndt et al., 2021). Iso-
cyanates are important base chemicals for many applications.
We observe for the first time an enhancement of the sensitiv-
ity by an NCD coating in a compact Si-based ATR sensor.
Finally, we discuss the results and give an outlook.'

2 Theoretical background

If radiation is internally reflected at an interface of two ma-
terials with refractive indices n and ny (n; > ny), the wave
is totally reflected at the interface if the angle of incidence «

Part of our work is also shortly described in a recent German
conference contribution (Isserstedt-Trinke et al. 2022).
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is higher than the critical angle «.. It is defined as follows,
where n1 and n; are the real parts of the refractive indices of
ATR crystal and sample, respectively.

. n»
e — arcsin <_) (1)
ny

Within the ATR crystal with refractive index nj, a standing
wave is formed, and because of the boundary conditions, the
electromagnetic field decays exponentially into the sample.
This field is called the evanescent field.

The penetration depth of the evanescent wave is in the
range of the wavelength (1) in the sample. The wavelength-
dependent absorption of the evanescent wave leads to an at-
tenuation of the reflected beam. By measuring the spectral
dependence of the reflected beam intensity, an ATR spectrum
is obtained. In analogy to transmission spectroscopy, this is
expressed by the absorbance A:

A = —log;y(R), 2)

where R describes the polarization-dependent reflection
factor which can be calculated using the Fresnel equa-
tions (Milosevic, 2012). A is dimensionless. However, in
spectroscopy, absorbance units (denoted AU) and milli-
absorbance units (denoted mAU) are commonly used.
Throughout this paper, we use this convention.

Figure la shows the theoretically calculated, angle-
dependent absorbances for different ATR crystal materials
and water at the strong absorption band at 3.03 um. If an ATR
element with multiple reflections is used, the absorbance in-
creases proportionally to the number of reflections.

In Arndt et al. (2021) the theory was extended for coated
ATR crystals and applied to the special case of Si ATR ele-
ments coated by a film of nanocrystalline diamond (NCD). It
was shown that the ATR effect is strongly influenced by the
covering layer. The coating leads to an amplification by a fac-
tor of absorbance oated / absorbanceyncoated for angles smaller
than 33° (Fig. 1b). As the angles increase, the decrease in
the absorbance of the coated system is stronger than for the
uncoated element. Experiments using uncoated and NCD-
coated Si hemispheres qualitatively confirmed the theoreti-
cal results. Further details, e.g., the influence of the coating
thickness and spectral dependence of the amplification, can
be found in the given reference.

3 Sensor concept and realization

The basic idea for a compact and cost-effective ATR sen-
sor is to harness established packaging technologies such as
MEMS infrared detectors and emitters. Similar to infrared
windows for detectors, the ATR element may be soldered
into the cap of a hermetically sealed housing which contains
the radiation source and the infrared detectors and some elec-
tronics.
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Figure 1. (a) Theoretical absorbance of water at 3.03 um for the ATR materials germanium, silicon, zinc selenide, and sapphire. (b) De-
pendence of the water absorbance at 3.03 um on the angle of incidence for uncoated Si and NCD-coated Si with a thickness of 500 nm.

Calculations according to Arndt et al. (2021).

A concept of a miniaturized and highly integrated MEMS
ATR sensor was previously proposed and investigated
(de Graaf et al., 2008). However, this concept has only a lim-
ited radiation throughput, which is too low for sensitive ATR
measurements. Here, we used a hybrid packaging concept
which enables the incorporation of state-of-the-art MEMS
thermal emitters and thermopile detectors.

An important component of the sensor is the ATR element.
In a first step we decided to use Si with its readily established
packaging technologies. However, the surface of the Si ele-
ment facing the process media has to be coated to withstand
mechanical wear and aggressive chemical cleaning agents.
In a second step, this approach may be extended to similar
materials like Ge, also with appropriate coating.

3.1 Preparation and characterization of nanocrystalline
diamond films on silicon

Silicon ATR elements (37.5mm x 10 mm x 1.5 mm) were
obtained from Korth Kristalle GmbH, Altenholz, Germany.
Several samples were coated with nanocrystalline diamond
(NCD) films using a hot filament chemical vapor deposition
(HFCVD) process at GFD GmbH, Ulm, Germany. Typical
HFCVD process parameters at GFD GmbH, Ulm, Germany.
Typical HFCVD process parameters using CH4 and H» as
main reaction gases were substrate temperatures of 750 to
900 °C, filament temperatures of 1900 to 2200 °C, chamber
pressures between 1 and 20 mbar, and growth rates of 50 to
400nmh~!. Further details on the HFCVD process can be
found in the literature, e.g., in Wang et al. (2004).

For process applications, the coating on a Si ATR sur-
face must not have any defects. For that reason, exemplary
tests were performed by GFD GmbH: visually defect-free
NCD-coated Si samples were exposed to concentrated KOH,
which is an established etching solution for Si. After rinsing
and drying, the NCD coating was removed by an O, plasma
etching process. The formerly coated Si surface was then in-
spected for the occurrence of any etch pits by optical and
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scanning electron beam microscopy. In the case of pinholes
in the NCD coating, such etch pits at the interface would have
been formed by KOH intrusion. However, for NCD films
with a thickness greater than 300 nm, no etch pits were ob-
served, indicating that the original NCD coating was free of
pinholes. Additionally, the suitability of NCD-coated Si ele-
ments for applications in the beverage industry was investi-
gated by CENTEC GmbH, Maintal, Germany. Uncoated and
NCD-coated Si elements were exposed to 5 % v/v NaOH so-
lutions at 80 °C for 200 h, 3 % v/v HNO3 solutions at 40 °C
for 200 h, a soft drink (cola) at 15 °C for 400 h, and beer at
5°C for 400 h. Additionally, the samples were exposed to hot
water at temperatures up to 100 °C for 100 h. Subsequent vi-
sual inspection showed that the coated sides of the samples
were not affected by the agents. FTIR transmission spectra
taken before and after the treatment of the coated samples
did not show a difference. In comparison, uncoated Si sur-
faces were not stable.

3.2 Optical concept and simulation

The original idea of the project was to use established Si
wafer processing for the ATR module. To obtain the wedged
crystal face for coupling (in and out) of the infrared radiation,
an anisotropic etching process was planned (see Fig. 2a). In
subsequent steps, one side of the wafer would be coated by a
diamond film, followed by metallization of joints; finally, by
dicing of the wafer, the elements are obtained, ready for as-
sembly. By anisotropic etching, a wedge angle of § = 54.74°
is obtained.

The radiation of a thermal emitter impinges perpendicu-
larly from below. After a series of reflections, the radiation
exits again perpendicularly at the bottom of the ATR element.
For the IR source, an array of four individual thermal emit-
ters was chosen to fully illuminate the ATR element and the
linear detector array which consists of four thermopile detec-
tors with individually selected narrowband pass filters.

J. Sens. Sens. Syst., 12, 123-131, 2023
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Figure 2. (a) Original optical sensor concept; (b) final optical sensor concept.

However, a closer look at the optics shows that only large
angles of incidence at the sample face, far off the critical an-
gle of Si (see Fig. 1a) and far off a possible angle for an
expected amplification by a diamond coating according to
Sect. 2, can be achieved by this concept. With g = 54.74°,
an angle of incidence o = 70.52° is obtained. As shown in
Arndt et al. (2021), this would result in a considerable atten-
uation of the absorbance compared to an uncoated Si ATR
element. In contrast, amplification of the absorbance would
require a wedge angle 8 > 73.5°, which makes in-coupling
of thermal radiation very difficult for ATR crystals with a
thickness of less than 2 mm.

Thus, we decided to take mechanically cut and polished Si
crystals with a wedge angle of B = 40° and use those in an
inverse geometry (Fig. 2b). For Si, this would yield an an-
gle of incidence at the sample face of « = 30°, theoretically
resulting in a significant amplification by a diamond coating
of suitable thickness. Furthermore, this configuration would
also be fitting for Ge crystals with 40° wedges, resulting in a
31° angle of incidence.

With these Si crystals, nominally 22 ATR reflections and a
corresponding high sensitivity are expected. Practically, this
is considerably reduced by the divergence of the radiation
source. However, it demonstrates the high gain in sensitivity
which could be achieved by using high-index ATR materials,
compared to, for example, sapphire.

The setup in Fig. 2b still has the advantage of perpendic-
ular optical radiation coupling from below. Substantial re-
flection losses at the in-coupling face are expected for high
refractive index materials such as Si and Ge if no antireflec-
tion coating is used. However, for unpolarized thermal ra-
diation sources usually employed in ATR sensors, the total
reflectances for O and 40° incidence angles at the air-Si in-
terface are equal and have a value of 30 %.

Both configurations in Fig. 2a and b were investigated
using the ray tracing simulation software Zemax OpticStu-
dio 16 (Zemax Europe, Ltd., Essex, UK). The simulation
clearly proved the advantages of the concept in Fig. 2b for
ATR elements of Si and Ge.

3.3 Concepts for sensor electronics and packaging

The ATR sensor consists of a hermetically sealed ATR sensor
module with thermal emitters, detectors, and two electronics
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boards adapted to it. In Fig. 3a an exploded schematic view
of the ATR sensor module is shown.

In the elongated package, the ATR crystal is soldered di-
rectly into the housing lid. This cover is later laser-welded
onto the housing base. These two joining technologies guar-
antee a hermetic, long-term, stable seal and therefore in-
crease the stability of the system with demanding environ-
mental requirements. To raise the radiation power, an emitter
array consisting of four elements is provided. The overlying
beam stop prevents stray radiation in the housing. At the ra-
diation exit face of the ATR crystal, a line array of four ther-
mopiles with specific infrared narrow-bandpass filters (see
Table 1) is positioned.

For temperature compensation, a thermistor is provided,
which is placed near the detectors. All components are lo-
cated on low-temperature cofired ceramics (LTCC) wiring
carrier, which is designed for thermopiles with a specific
preamplifier stage for each of the four measurement chan-
nels. The housing offers the possibility to control the inner
atmosphere by backfilling it with inert gas or setting a pre-
vacuum. To increase the sensitivity of the thermopile chips,
the package is backfilled via a copper tube with an inert gas
having a low thermal conductivity. By using krypton, a sensi-
tivity gain by a factor of 1.7 is achieved. After the gas-filling
process, the copper tube is sealed hermetically by squeeze
cold welding and a soldering process.

For the measurements two ATR modules were manufac-
tured: one with an uncoated Si crystal and one Si crystal with
a 500 nm NCD coating.

In order to integrate and adapt the circuit board to the size
of the module, a two-part concept was chosen (Fig. 3b). The
first printed circuit board was designed as a pure analog elec-
tronics board which contains all amplifiers for the analog sig-
nals. On this board, the ATR module is connected directly
via a special 72-pin socket. As a result, it is possible to check
different modules with one electronics board. On the second
printed circuit board, the digital functions, the emitter driver
stages, and the microprocessor are placed. Via a serial inter-
face, the module can be parameterized, and measured values
are transmitted. It is possible to read out the sensor signals
with a high time resolution and to process them on a personal
computer. Furthermore, the amplification of the voltage sig-
nals and the emitter power can be adjusted.

https://doi.org/10.5194/jsss-12-123-2023
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Figure 3. (a) Exploded schematic view of the ATR sensor module assembly. (b) Side view of the sensor with both electronics driver boards

connected to the hermetically tight ATR sensor module.

Table 1. Spectral filters in front of the thermopile detectors: center wavelength, full width at half maximum (FWHM), and corresponding

application.
Filter/channel =~ Center wavelength FWHM  Application
no. (um) (nm)
1 3.95 70  Reference channel
2 4.27 120 CO,
3 4.44 170  Isocyanates, acetonitrile (AC)
4 4.78 175  Isocyanates, acetonitrile (AC)

Figure 4. Sensor module integrated into a Varivent flange.

The detector module can be integrated into a Varivent
flange (Fig. 4), which is frequently used in the beverage in-
dustry. A possible sensor application is the determination of
the dissolved CO; concentrations in beverages.

4 Measurement results

Apart from applications in the beverage industry, another
promising application of the sensor is concentration deter-
mination of isocyanate solutions. Isocyanates are the base
chemicals of polyurethane materials and are produced in
high volumes worldwide. As in previous work (Lambrecht
et al., 2020; Arndt et al., 2021), we used a solution of the
BASF product Basonat HI100 (trimerized hexamethylene di-
isocyanate, HDI) in propylene carbonate (PC) as an exam-
ple for an isocyanate solution. Later experiments were per-
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formed with solutions of acetonitrile (AC) in propylene car-
bonate (PC) as an alternative to the toxic isocyanates with
similar spectroscopic properties. Even for CO; quantifica-
tion in the beverage industry, AC in PC (denoted ACPC) is a
good model system and much easier to handle than pressur-
ized dissolved CO,. Acetonitrile has a strong absorption at
4.44 pym.

All measurements were performed at room temperature.
The signals of the four thermopile detectors were continu-
ously recorded at a measurement interval of 2 s. The sample
was alternated between air (A), solvent (PC), and the sam-
ple liquid (Basonat in PC and AC in PC, respectively). The
absorbance A was evaluated according to

A = —log; (signal channel 3/signal channel 1) 3)

4.1 Sensor module with an uncoated Si ATR element

In a first experiment, a 1 % m/m solution of Basonat (BA)
in PC (denoted BAPC) was used as a sample (Fig. 5). The
concentration changes between pure solvent and sample are
clearly visible. For the PC steps, only a small drift is ob-
served. However, the absorbance values for the air measure-
ments (marked as A in the figure) show some variations.
Probably, the cleaning of the sensor surface is difficult for the
sticky BA solution. From the steps, the individual average ab-
sorbance values Apc and Aacpc, the corresponding change
in absorbance A, the standard deviations opc and oacpc, and
the corresponding Allan deviations for 1 min integration time

J. Sens. Sens. Syst., 12, 123—-131, 2023
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Figure 5. ATR measurement with an uncoated Si ATR element.
The ATR surface was alternately covered with solvent (PC) and a
1% m/m solution of Basonat in PC (BAPC). After each step, the
surface was cleaned, and a measurement with ambient air (A) was
performed.

0 Allan(1 min) are determined and listed in Table 2. For the cal-
culation, the third PC step and the third BAPC step are used.
As a result, Basonat concentrations in PC can be measured
down to 100 ppm with the sensor module.

The next experiment was performed with PC as a solvent
and a 30 % m/m solution of AC in PC (Fig. 6). The steps
caused by the sample changes are well reproduced over the
total measurement duration of more than 2 h. The intermit-
tent air value (marked as A) is reproducible as well and en-
sures proper cleaning of the ATR surface in contrast to Fig. 5.
The data from Fig. 6 are listed in Table 2. For the calcula-
tions, the third PC step and the second ACPC step are se-
lected. An estimation of the drift is also included. The low
signal drift enables an integration time of 1 min. From the
data, a noise equivalent concentration NEC(1o, 1 min) is ob-
tained, demonstrating the measurement of AC concentrations
in PC below 1 % m/m with the sensor module.

4.2 Sensor modules with an NCD-coated Si ATR
element

The third measurement was performed using a sensor module
with an NCD-coated ATR element (see Fig. 7). The resulting
data are also listed in Table 2. For the calculations, the fifth
PC step and the fourth ACPC step are selected, which last
longer than the previous steps. The measurement in Fig. 7
shows a stronger and slowly decreasing signal drift compared
to Fig. 6. This might be caused by an initial temperature dif-
ference between the sensor and the sample liquids, which is
less pronounced in the measurements in Fig. 6.

However, the main result of this measurement is an in-
creased absorbance change for the sensor with the NCD-
coated ATR element. The absorbance change is increased by
a factor of 1.8 compared to the sensor with an uncoated Si

J. Sens. Sens. Syst., 12, 123-131, 2023
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face was cleaned, and a measurement with ambient air (A) was per-
formed.
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Figure 7. ATR measurement using a Si ATR element coated with
500 nm NCD. The ATR surface was alternately covered with sol-
vent (PC) and a 30 % m/m solution of AC in PC (ACPC). After
each step, the surface was cleaned, and a measurement with ambi-
ent air (A) was performed.

element. Additionally, the absorbance noise is reduced for
the coated element. Both factors add up to an increase in
the signal-to-noise ratio (SNR) of the sensor along with a
reduced NEC by a factor of 3 for the coated device.

5 Discussion

The NEC values in Table 2 can be compared with previous
photometric measurements (Lambrecht et al., 2020; Theuer
et al., 2015). There, for BA in PC, an NEC(1o, 1 min) of
91 ppm (m/m) was determined using a sapphire ATR ele-
ment. Our result in Table 2 agrees fairly well with this value.
A further increase in the sensitivity for BA in PC is expected
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Table 2. Performance results of ATR measurements with uncoated and NCD-coated ATR elements.

ATR element Sample Absorbance  Absorbance  Absorbance  Standard Allan deviation Drift NEC(lo, 1 min)
solvent sample change A  deviation opc OAllan(1 min)  (MAU (% m/m sample
(mAU) (mAU) and opCpC (mAU) in PC)
(mAU)

Si uncoated 1% m/m 0.32 and
Basonat in PC —270 —253 17 023 0.1 0.5 0.006

Si uncoated 30% m/m 0.29 and
AC in PC —133 —124 9 0.28 0.1 0.4 0.33

Si coated with  30% m/m 0.22 and
500nm NCD AC in PC —70.6 —54.4 16.2 0.24 0.06 <17 0.11

for diamond-coated Si ATR elements. From the data in Ta-
ble 2, an NEC of 20 ppm (mm/m) can be estimated. Hence,
Si-based compact ATR sensors seem to be well suited for the
determination of isocyanate concentrations at 100 ppm and
above.

Furthermore, the measurement of BA in PC in Fig. 5
demonstrates the importance of cleaning. Obviously, resid-
uals of a previous measurement were not always completely
removed between the steps. For an ATR process sensor, com-
plete and reproducible cleaning is essential, and the ATR sur-
face has to withstand the required mechanical and chemical
cleaning processes. This could be achieved by diamond coat-
ing. For automatic sensor operation and cleaning processes,
additional condition monitoring of the ATR surface would be
useful to ensure reliable operation.

The main result of this work is the experimental observa-
tion of an absorbance enhancement by a factor of 1.8 for an
NCD-coated Si element compared to an uncoated Si crystal
in a compact ATR sensor module. Recently, variable angle
spectroscopy measurements with a 390 nm NCD-coated Si
hemisphere and water at 3.03 um have shown an enhance-
ment factor of 1.4 for an incidence angle of 30° (Arndt et
al., 2021). Compared to this value and to the theoretical value
of 1.4 (from Fig. 1b), the observed enhancement factor is too
large.

However, when results from two different sensor devices
are compared, some uncertainties cannot be avoided. For ex-
ample, the relative positions of light sources, detectors, and
ATR elements may vary due to assembling tolerances. The
angle of incidence and beam divergence may slightly differ
from one device to the other. Our packaging concept (see
Sect. 3) enables efficient and reproducible manufacturing of
ATR sensors in similar quantities as MEMS infrared detec-
tors. Hence, we expect a more accurate experimental deter-
mination of the enhancement factor when more devices and
measurements are available.

6 Conclusion and outlook

To summarize, a compact Si-based ATR sensor module for
liquid concentration measurements was developed. Similar

https://doi.org/10.5194/jsss-12-123-2023

to infrared detectors, the module housing is hermetically
sealed. Processing and packaging steps are well established,
and production could be rapidly scaled up to a substan-
tial volume. Diamond-coated Si ATR elements are resistant
against mechanical and chemical cleaning agents. For solu-
tions of the isocyanate Basonat in propylene carbonate, a sen-
sitivity of 100 ppm (m/m) is achieved. With coated Si ATR
elements, an absorbance enhancement of 1.8 and a reduction
of the NEC by a factor of 3 were observed compared to un-
coated Si elements. Additionally, with Si the spectral range
of the sensor is greatly enhanced in comparison to sapphire.
Hence, more applications can be addressed by merely select-
ing other filters than those chosen in Table 1.

Generally, thermal and mechanical constraints of such
compact modules do not allow inline use in demanding pro-
cess applications. Some of these restrictions can be overcome
by modifications without sacrificing the compact and cost-
effective package. But there are many other applications left
for such ATR sensors, which are currently performed with
process FTIR spectrometers, e.g., quality control of lubricat-
ing oil (Wagner, 2023) or milk analysis (Foss, 2023). The
compact sensor modules can be applied for fast at-line anal-
ysis and may also be incorporated into handheld instruments
for fast and effective quality control of, for example, deliv-
ered raw materials.

Diamond-like carbon (DLC) coatings could be an alter-
native to the NCD films on Si ATR crystals (Suasnavas et
al., 2019). DLC is an established protective coating for Ge
infrared optics. DLC-coated Ge ATR elements will offer a
broader spectral range and access to the MIR fingerprint
range, which is important for selective sensor applications.
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quested from the authors if required.
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