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1. Introduction

Infrared (IR) spectroscopy and microspectroscopy are well-established techniques in the field of
analytical chemistry. They provide the unique capability of combining qualitative and quantitative
chemical information in a nondestructive way. With applications spanning from chemical sensing and
polymer analysis [1,2] to digital pathology [3,4], IR spectroscopy and imaging have revolutionized a
myriad of fields. Over decades, Fourier transform (FT) spectrometers that relied on the combination of
thermal light sources with interferometry techniques were considered the gold standard in IR spec-
troscopy. This was largely due to the multiplexing (Fellgett’s advantage) and throughput (Jacquinot’s
advantage) advantages of FT-IR spectroscopy [5]. The benefits of high brightness light sources [6]
were discovered early by the combination of synchrotron radiation with IR microspectroscopy.
Although the results were clearly promising, the limited accessibility of synchrotron sources was an
unrivaled challenge [7—9].

Ingenious method of using array detectors combined with interferometry [10—13] provided ad-
vancements in speed and sensitivity for imaging. This modality demonstrated numerous applications
such as the study of reaction kinetics [14,15] in time-resolved [16] or multiplexed configurations
[17,18]. Recent years have seen improvements in instrument design and technology [19—21] with
enhanced image quality using attenuated total reflection [12,22] or synchrotron-focal plane arrays
[23]. High-definition IR imaging systems with high dynamic range and sensitivity have now become
routine.

Among other advancements, the fabrication of laser sources known as quantum cascade lasers
(QCLs) emitting in the mid-infrared (MIR) region [24—26] has led to a new era of IR spectroscopy and
imaging [27]. Higher light intensities of the laser allow measurements in highly absorbing media such
as HyO. Consequently, the introduction of QCLs provided magnitudes of improvement in both speed
and signal-to noise ratio (SNR). Especially for imaging applications, it is often superfluous to obtain
data points over the whole spectral range. Instead of acquiring the entire spectral dataset, the discrete
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frequency infrared (DFIR) technique recognizes and exploits the redundancy in the high-dimensional
spectral data and provides significant speed-ups in imaging time. The acquisition process can thereby
be accelerated from a couple of days to a couple of minutes. Besides the improvement of existing
methods, the application of QCL light sources enabled hybrid measurement techniques with me-
chanical scanning probes, atomic force microscopy-IR (AFM-IR) spectroscopic imaging [28—30], and
IR-optical hybrid (IR-OH) microscopy [31] that take advantage of secondary effects that are caused by
absorption. Moreover, the inherent characteristics of laser radiation paved the way for integration of
polarization [32,33] and vibrational circular dichroism (VCD) capabilities [34—36] along with stan-
dard measurements. Both hardware and software innovations have also paved the way for improved
resolution and detection limits in IR [37—39].

The transition from FT-IR to DFIR might seem to stem from a mere difference in the light
source—but it is not the case. Specifically, the change leads to disparate instrumental designs. First and
foremost, QCLs emit coherent light with narrow linewidth, while the globar is a broadband emitter
with wide spectral bandwidth. In the context of spectral resolution, FT-IR technique solely depends on
the length of the interference signal, which is a competing factor with the scan speed. With QCL-based
systems, the laser configuration plays a major role in the system performance. Compared to FT-IR
modality, which is based on the decoupling of spectral bands from the interference signal using FT,
QCLs can tune to the individual wavenumbers directly, one band at a time. These fundamental dis-
tinctions between FT-IR and DFIR modalities necessitate rethinking of the imaging system at various
degrees. The high throughput and laser pulsing characteristics of QCLs result in radical alterations in
data acquisition as well. For instance, new inspections are needed to choose a suitable detector to
match the response time, detectivity, and dynamic range and operation modes of the laser. Moreover,
digitization speed and resolution are required to adapt the laser’s emission behavior. With the pulsing
property, QCLs permit versatile SNR enhancement techniques beyond simple apodization methods
used in FT-IR. The knowledge presented here is especially vital for current or prospective developers
of IR spectroscopy technology to exploit QCLs. Although QCL-based systems are still limited in their
commercial availability, they already have a significant influence in the field of IR spectroscopy. It is
foreseeable that both FT-IR and QCL-based spectroscopy will play an important part in the future of IR
spectroscopy. Considering that, it is worthwhile to take a closer look into the field of QCL-based
imaging and spectroscopy.

In Section 3, we elaborate instrumentation details of QCL-based spectrometers, specifically
focusing on lasers, detectors, back-end control, and data acquisition systems. Additionally, modulation
techniques can provide novel alternatives to enhance SNR while enabling increased measurement
sensitivity. In this regard, we also describe different modulating devices. In Section 3.4, we talk about
specific characteristics of the systems that are closely related to the usage of QCLs instead of con-
ventional light sources. Finally, Section 5 provides an overview of crucial applications where QCL-
based systems have outperformed conventional systems.

2. Theoretical background

The state of polarization is an important aspect for any laser and is identified as the direction in which
the electric field is vibrating—in a direction orthogonal to the beam axis. Theoretically, the polari-
zation state of an optical beam can be described by the Stokes vector [40].
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where [ is the total intensity and sum of all the orthogonal polarizations, Q and U are the differences in
the linear polarization components, and V is the differential circular polarization component and is
equal to the difference between right-circularly polarized (RCP) and left-circularly polarized (LCP)
components [34]. Although most QCLs are linearly polarized, they can have other residual polari-
zation contributions. Janassek et al. [41] describe how it is possible to experimentally determine the
Stokes parameters for a QCL. Their results are based on an experimental setup that combines a
polarizer and a quarter-wave plate to measure the transmitted light intensity at different angles of the
quarter-wave plate. Based on these experiments, it was found that QCLs also emit a nonnegligible
amount of circularly polarized light. When the output light intensity of the laser is perfectly linearly
polarized, it follows the equation:

I=1Icos’ 0 (12.2)

where [ is the light intensity after a polarizer, Iy is the incident light intensity, and 6 describes the
polarization angle. Fig. 12.1 describes this relation empirically for different wavenumbers of a QCL
consisting of four different laser chips. It can be easily seen that deviations occur from the ideal fit.
These deviations can be attributed to the nonlinear polarized nature of the QCL and other alignment
errors. Although this procedure alone does not allow for a full characterization of the Stoke param-
eters, it provides an insight into the polarization state of the emitted beam. Apparently, it is not possible
to achieve a perfect polarization setting over the whole wavenumber region, nevertheless the angle
deviations and the resulting transmission losses are only minimal as depicted in Fig. 12.3B and C.
Inconsistent changes of the polarization characteristics occur at the transition between laser chips,
indicated by the dashed red lines in Fig. 12.3B—D. The chip transition also affects the output intensity
(amplitude) and can be observed in the emission profile of a representative QCL system as displayed in
Fig. 12.3D.

Quantification of polarization properties can not only characterize the light source but also the
optical components for system calibration and structural mapping of nonabsorbing samples. For
example, following the Stokes vector formalism, degree of linear (DLP) and circular (DCP) polari-
zation were demonstrated to calibrate polarimeters [42] and imaging of semiconductors’ nano-
structures [43]. The definitions shown below may vary for different light source polarization properties
and research focus.

/02 2
Vo +U” (12.3)
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Dichroism and birefringence are two main material properties describing the interaction of
polarized illumination with any material. Specifically, dichroism occurs when the light absorption is

DLP =

DCP = (12.4)



412 Chapter 12 IR spectroscopy and imaging

A 898 cm-* 1074 cm-* 1282 cm* 1622 cm*
1 1 1 1 N cos? 0°
4 0
208 o 038 038 o 08 o L
2 & . fo °
8 ° » . Ly ° .
g6 & 06 '- ) 06 . -. 06 5 5
B ° A o - A . .
N 04 i 0.4 A o 0.4 ; ° 0.4 L] .
= . o ° & . .
E ° - o . A o °
S 02 gl 0.2 o 0.2 ° D 0.2 % LA
< o° .'. ° o %,
0 0
-45 0 45 45 0 45 45 0 45 -45 0 45
Polarization angle 6° Polarization angle 6° Polarization angle 6° Polarization angle 6°
3 1
3 ]
10
5 =
c1 s 8
2 3 -
k) 206 2
[ o g6
c [73 3
21 £0a 2
8 B g4
5-2 s =
° S
[ 3 02 2 '
i

1200 1400
Wavenumber (cm)

1200 1400 1000

Wavenumber (cm)

1200 1400
Wavenumber (cm*)

FIGURE 12.1

Laser polarization characterization. (A) Intensity variation with polarization angle of the four center
wavenumbers of a representative laser. Theoretical cos?(6°) it is shown with a solid red line. (B) The
polarization rotation angle A8” spectral variation calculated by cos(6°—A8°) fitting. (C) The transmission loss
from zero-degree polarizer (§ = O°) for the entire wavenumber range. (D) The laser power spectrum depicted
with the detected signal amplitude. Laser emission transitions are illustrated with the dash lines in (B—D).
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polarization-dependent, and birefringence manifests the polarization-dependent refractive behavior.
The Kramers—Kronig relations between dichroism and birefringence suggest the two properties stem
from the polarization dependency of the real (n/, birefringence) and imaginary (n”, dichroism) part of
the refractive index (n), which can be expressed as, n(S) = n'(S) + in”(S), where S denotes the po-
larization state of the incident light.

Therefore, the propagated light through the material becomes, E (r, f) = Egeltkon(S)r—er) \where Ey
denotes the amplitude, ky the wave vector in the vacuum, and w the oscillation frequency. Above
equations show that n”(S) leads to light attenuation. Dichroism properties have been utilized to reveal
structural details of absorbing samples and chirality. For example, linear dichroic (LD) gauges optical
anisotropy and can identify orientations of macromolecular structures [32], which is defined as LD =
A —AL, where A and A denote the absorbance upon incident illuminations with polarization
direction parallel and perpendicular to the specimen’s structural orientations, respectively. On the
other hand, circular dichroism (CD) measures the absorption difference for RCP (Agrcp) and LCP
(Arcp) light, CD = Arcp — Arcp. Using IR to measure CD is known as VCD because it originates
from the induced rotational strength difference. VCD is widely observed in biological and pharma-
ceutical molecules and can be utilized for monitoring conformational changes such as protein ag-
gregations, which are related to many pathological alterations. One of the VCD applications is
demonstrated in Section 5.4.



3. Instrumentation 413

3. Instrumentation

Intrinsically, DFIR instrument design differs significantly from FT-IR design. This fundamental dif-
ference requires rethinking of not only the back-end software implementation such as laser tuning and
signal acquisition but also postprocessing steps such as noise reduction strategies. Together, it also
underlines the significance of laser characterization, particularly for highly sensitive measurements
(Section 3.4). A typical QCL spectrometer consists of a laser source, optics, a detector, and a back-end
data acquisition system that is strongly application-specific. In this section, we first introduce the
concept of laser tuning followed by implementation examples. Secondly, we describe the common IR
detection modules and discuss the design considerations. Then, several data acquisition schemes are
presented with discussion of the trade-offs between laser tuning modes, noise reduction, and imple-
mentation methods. Being intrinsically polarized, there is a recent trend toward using QCL spec-
trometers in combination with external modulation techniques to investigate sample structures that are
typically not revealed by standard absorption measurements. Toward the end, we describe the prin-
ciples of routinely used modulating devices such as photoelastic modulators (PEMs) and optical
choppers along with the prototypical configurations. Over all, the goal of this section is to provide a
setup guideline for a QCL spectroscopic system from both hardware and software perspectives to give
readers a glimpse of the emerging instrumentation design trend.

3.1 Laser

QCLs are semiconductor lasers with heterostructures that allow cascaded intersubband stimulated
emissions [24]. Within these heterostructures, the band gaps are tailored such that the emitted photons
can tunnel through the adjacent layers and induce a series of subsequent optical emissions. Since the
emission wavelength can be engineered by changing layer thickness and material compositions, QCLs
provide a large tunable spectral range. Based on the resonator configurations, QCLs are categorized
into Fabry—Perot (FP), distributed feedback (DFB), and external cavity (EC). FP-QCLs are based on
the concept of resonators and consist of two high-reflectivity parallel mirrors acting as a wavelength
filter wherein light experiences multiple reflections. The transmitted beam is typically multimode, and
the reflectivities of the mirrors not only affect the energy loss but also the filtering bandwidth. With the
simplest designs, FP-QCLs allow a relatively straight-forward approach for tuning to the desired
wavelength. However, they are not suitable for applications requiring single-mode emissions. Alter-
natively, DFB is an extended configuration of FP designs, where a distributed Bragg reflector laser is
used to fine-tune the optical emission using a Bragg scattering structure whose periodic refractive
index can amplify the first-order diffraction and abase higher-order modes. This enables single-mode
selection and a narrow linewidth that is suitable for gas-phase spectroscopic measurements. However,
the complementary grating and refractive index configuration also restrict the tuning range. On the
other hand, EC-QCLs have a FP resonator with an external grating for laser tuning, which greatly
expands the available spectral range. As such, EC-QCLs allow fast and wide-range laser-tuning, which
is a critical design requirement for spectroscopic imaging development.

3.2 Detectors

Conventional IR detectors can be categorized into thermal detectors and photon (quantum) detectors.
The former detect a temperature change and convert the thermal energy into an electric signal output.
The later are based on the photoelectric effect and measure the generated charge carriers upon an
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incident illumination. Since the temperature change is only associated with the incident energy,
thermal detectors have a uniform response across a wide spectral range. Thus, defining responsivity as
the ratio of the output signal voltage to the input light power, thermal detectors demonstrate a flat
spectral responsivity. On the contrary, responsivity of photon detectors is wavelength-dependent. Since
the photoelectric effect is based on the optical excitation processes occurring in the material, the
detectable wavelengths are restricted to the ones that match material’s energy levels or engineered
energy band gaps. Hence, their bandwidths are typically smaller than those of thermal detectors. In this
case, since more photons are required to generate the same illumination power with higher wave-
lengths, responsivity is proportional to wavelength until the cut-off wavelength (material dependent)
drops toward higher wavelengths [44].

In addition to spectral response, the noise characteristics and detection speed vary as well. Thermal
detectors are mainly subjective to thermal noise. Furthermore, the response coefficients including
thermal conductance (bolometers), pyroelectric coefficients (pyroelectric detectors), and Seebeck co-
efficients (thermopiles) are all temperature-dependent. Additionally, the speed is limited by the intrinsic
thermal time constant, which is usually above 1 ms (around 10 Hz). In general, photon detectors exhibit
faster response and better SNR than thermal detectors under cryogenic cooling conditions. Upon
illumination, incident photons initiate the optical excitation and propagate the energy within the
semiconductor material. While having a smaller spectral bandwidth, the detection mechanism is more
efficient in terms of the response time constant, which typically lies below 1 ps. In addition, quantum
efficiency describes the conversion ratio between the incident photons and generated carriers, and a
higher value can be achieved with optimized fabrications such as surface coatings and vacuum con-
ditions. Photoconductive (PC) and photovoltaic (PV) detectors are the two major types of photon
detectors. PV detectors measure the current that results from the photonic absorption across a p—n
junction, and PC detectors measure electricity conductivity changes due to the increase of the free
carriers. Depending on the material’s resistance, either a bias voltage or current is applied to the PC
detector to enhance the measurement sensitivity. While the electrical bias results in a higher gain,
photon recombination may happen at the electrode contacts. In comparison, p—n junctions of PV
detectors separate the electron-hold pairs and hinder the recombination noise. Therefore, PV detectors

ideally have /2 times lower noise level than PC detectors. Furthermore, as the responsivity of PC
detectors relies on carriers’ lifetime, the electric bandwidth is limited compared to the PV detectors.

Normalized detectivity, or D* (D-star), is usually used to evaluate a detector’s performance.
Detectivity is defined as the reciprocal of noise equivalent power (NEP), which is the incident power
that generates output signal with the same level as the detector’s noise level. A small NEP value
suggests low detector noise and more capability in detecting weak signals. While thermal detectors
have a uniform spectral response and are utilized for FT-IR spectroscopy, they have a longer response
time making them impractical for imaging applications. QCL-based microscopes in comparison can
be used in combination with bolometer detectors, due to the strong illumination over a wide field-of-
view [3]. Fig. 12.2 shows detectivity comparison of three commercially available PV detectors, which
are photovoltaic multiple junction detectors (PVMI), standard PV detectors with two different
materials—mercury cadmium telluride (MCT) and InSb. MCT and InSb detectors exhibit disparate
spectral coverage based on the intrinsic material properties. While using the same active element
material, PVMI detectors demonstrate a flat spectral response curve with enhanced detectivity and an
expanded spectral coverage compared to conventional PV detectors. Immersion technology further
improves the D* by almost ~ 11-fold [45].
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3.3 Modulating devices

Modulation techniques are common approaches to increase sensitivity for spectroscopic measure-
ments. They can be categorized into modulation of frequency, amplitude, polarization, and wave-
length. For frequency modulation, optical heterodyne detection is a general technique to increase SNR
by demodulating the desired frequency component out of a noisy background, whereas amplitude
modulation is usually integrated to optimize the dynamic range. Polarization modulation, on the other
hand, can enhance the structural sensitivity of the imaging system and provide additional chemical
information such as molecular-, macromolecular-, and supramolecular-level chirality. Finally, wave-
length modulation is achieved not by an external device but also by inducing nonlinear effects in the
laser source and by modulating both laser frequency and intensity. This technique is mainly used for
detecting samples with narrow linewidth spectral features such as gas-phase samples. In this section,
we discuss the working principles and practices of widely used modulating devices such as optical
choppers (intensity modulation) and PEM (polarization modulation).

Optical choppers are conventional devices for the intensity modulation of a continuous beam. The
chopper blades are controlled by a phase-locked loop motor that maintains the chopping frequency,
duty cycle, and phase relative to the reference signal. The intensity is adjusted by tuning the duty cycle
and the passing spot size on the blade. While the chopping frequency range can be extended to dual or
harmonic frequencies by different blade geometric designs, the maximum chopping frequency is
typically limited to 10 kHz. Combination of an optical chopper and an LIA is a typical QCL spec-
troscopic setup under the continuous wave (CW) mode operation. The advantages include optimizing
the SNR improvement by matching the light intensity with the dynamic range of the LIA. Also, the
high intensity stability can benefit experiments sensitive to the sample’s thermal response [31] when
the potential excessive heat transfer from CW is less concerned. Finally, optical choppers allow for a
higher duty cycle than that available under the pulsing mode operation, which can facilitate higher
efficiency of coupled devices [46].

PEM modulates the light polarization based on the photoelastic effect. The PEM optic comprises
an isotropic crystal that changes the refractive index in response to different mechanical strain, such as
ZnSe, CaF,, Si, and fused quartz. Unlike birefrigent materials, where the passing light from different
directions is subject to different velocities, PEM is a resonant device. A PEM comprises a piezoelectric
transducer that vibrates the optical element by its fundamental resonant frequency, which alters the
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applied strain as well as the refractive index periodically. From here, we can infer that the refractive
index (n) becomes a time-dependent parameter. Moreover, since the optics is only compressed/
stretched along one axis, it leads to a phase difference, or retardation (4), as a function of time.

6(1) = z(nx(r) — ny (1)) (12.5)

where z denotes the optic thickness, and 7, and n,, stand for the refractive index of two perpendicular
optic axes, respectively. A PEM controller applies the oscillation driving force according to the preset
incident light wavelength (n= 27 /1) and desired retardation modulation range, which is usually in
the unit of wavelengths. The wide spectral coverage and retardation modulation of PEM enable high-
sensitivity polarimetric spectroscopic measurements. The interested modulated polarized component
can be encoded in the PEM’s resonance frequency and extracted out with an incorporated filtering
scheme (Section 4).

3.4 Performance characterization

As with any other imaging modality, the performance metric of a QCL-based spectroscopic imager
relies on SNR, imaging speed, and resolution. We usually evaluate the spectral and image quality from
the perspective of an imaging system. Nevertheless, depending on applications, additional meticulous
characterizations can be required to maintain the experimental precision. For instance, for long-term
measurements, temporal noise becomes a major concern, which can stem from the thermal drift, stage
motion, and the pulse fluctuations. Unlike thermal sources, QCLs are composed of multiple laser chips
that can lead to varying spectral noise and discontinuities at the chip transition regions. Furthermore,
acquisition time can be individually changed for each of the spectral bands allowing band-specific
SNR enhancement that is not achievable in FT-IR. Lastly, QCLs have some unique characteristics
such as pulse-to-pulse noise and polarization that is highly wavenumber- or laser chip-dependent.
While theoretically QCL output emissions are typically purely linearly polarized, the residual bire-
frigent behavior observed in practice can result in additional noise considerations for highly sensitive
polarimetric experiments. In this section, we describe characterization methods for the optical spec-
troscopy/imaging system that includes SNR, laser source polarization, and a conventional approach to
gauge the spatial resolution.

Noise affects the detection capability of any spectroscopic imaging system. Noise contributions
can occur at various stages in an optical system, and they have been explicitly covered in Ref. [45].
Here, we focus specifically on the laser source considering its noise contributions that dominates the
system’s performance. A major noise source in QCLs that is absent in FT-IR systems is the pulse-to-
pulse fluctuation of the emitted light intensity, and it is highly wavenumber-dependent. For instance,
the SNR of a pulse train containing a sufficient number of pulses is evaluated using the AUCs of every
single pulse. The voltage profile for a single pulse at four different wavenumbers is displayed in
Fig. 12.3. For AUC calculations, a time integral of the whole pulse starting from the baseline voltage is
calculated. The standard deviation of the calculated AUCs then gives an estimation of the expected
pulse-to-pulse noise. Using a log-ratio plot of coadded pulses and the standard deviation as shown in
Fig. 12.3, it is possible to investigate the influence of time-variant noise. Ideally, the time-variant noise
is zero, which is reflected by a slope of —0.5 in the log-ratio plot. In this case, there is no time-variant
(trend) component responsible for the AUC variations. However, in reality, it is not likely to achieve
perfect long-term stability, and the slope is typically larger than —0.5.
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Laser output characterization using area under the pulse curve (AUC). An example of a single 100 kHz pulse
is shown in the first column. The laser output is analyzed through AUC histograms each containing a total of
2000 pulses as shown in the center column. SNR is defined as the ratio of the average AUC divided by the
standard deviation (SNR = mean(AUC)/std(AUC)). The laser noise is characterized by the log-ratio of coadd
number and standard deviation of AUC, as shown in the third column. A slope close to —0.5 represents white
noise characteristics while the deviation suggests time-variant noise characteristics. Four representative laser
outputs are demonstrated by the central wavenumber of two of the laser chips: (A) 898 cm~? (B) 1074 cm L.

Another aspect that needs to be considered for spectroscopic imaging systems is the spectral
noise variation. Similar to FT-IR systems, 100% line can be used to evaluate the spectral noise of QCL-
based spectroscopy and imaging systems. It is based on the deviation from the total transmission ac-
quired by the two consecutive background measurements. Following the absorbance unit conversion,
it is defined as:

100%line = — log{p-—— (12.6)

where Iy, is denoted as the light intensity measured at the background (or without any sample). In
addition to the distinct laser noise characteristics, 100% line reveals the noise distribution across the
spectrum that is dependent on both the laser and the detector’s wavenumber-dependent response,
system optical alignment, and chromatic aberrations.

Spatial resolution and image contrast are two associated factors contributing to the image quality.
To isolate the impact of a sample’s chemical contrast from system resolving power, it is conventional
to use resolution test targets to evaluate the spatial resolution. One standard sample is USAF 1951
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System spatial resolution characterization using USAF 1951 target (A) Vertical line profile of group 6 denoted
as a red line in (B) Absorbance image at 1200 cm™?, and the corresponding modulation transfer function
(MTF) is shown in (C). Scale bar is 50 um.

target, which is composed of SU-8 polymer grating patterns with a fixed width but various spacing
(periods) as shown in Fig. 12.4A—B. For transmission mode, the substrate is constrained to IR-
transparent material such as BaF,. The polymer patterns provide a strong absorption signal that is
ideal for spatial resolution characterization.

Modulation transfer function (MTF) quantifies the contrast transfer efficiency of a linear shift-
invariant system. Transfer efficiency is defined by the ratio between the image and object contrast,
where the norm (metric 1) suggests that the object contrast is fully recovered in the image. Mathe-
matically, MTF is defined by:

|H (k)]

MTF(k) = H(0) (12.7)
where |H (k)| is the modulus of system impulse response as a function of spatial frequency k, and H(0)
is the normalization term. Intuitively, higher spatial frequency requires higher resolving power to
retain the object contrast (Fig. 12.4C). To calculate the MTF, one approach is to acquire the edge-
response of the system. After integrating the sharp edge image projection, the derivative can be
served as the impulse response along one dimension. Therefore, a complex-valued system transfer
function (H) is acquired after applying FT, and MTF is the modulus part normalized by the DC
component as indicated in equation 12.7.

4. Data acquisition

The main issues of spectroscopic data acquisition include signal digitization, online and offline pro-
cessing, and data recording. We now introduce the working principles and practices of widely used
demodulating device for data acquisition, namely, the lock-in amplifier (LIA). LIA is based on the
heterodyne detection method which mixes the input signal (V) with a sinusoidal wave from a local
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Working principle of a lock-in amplifier (LIA). (A) Schematic of a typical LIA measurement. A reference signal
(Vier) is mixed with an input signal (Vs) and then pass through a low-pass filter. The magnitude (R) and phase
(8) of the interested frequency component within the input signal can be extracted in the output signal (V).
(B) Sketch of frequency modulation. The time series product results in a convolution operation in the
frequency domain, leading to the frequency shift to sum (ws +w,) and difference (ws —w;) of the input
signal frequency (ws) and reference signal frequency (w,). wgy is the low-pass filter bandwidth.

oscillator (V,) to demodulate the desired frequency component (Fig. 12.5A). The output signal (V,)
results in a frequency modulation of the input signal, which can be formulated as:

Vo(1) = Vs(t) x Vi (1)
R

V(1) = V2R cos(wyt + 0) = %e*i(“’“’”) + Te*i(“’l”e)

2 (12.8)
V(1) = V2eir!
Vo(l) — Rei((%+w,)l+ﬂ) + Refi((cq\fu)l,.,.)ﬂrﬁ)

Consider the input signal as a real signal with the desired frequency (w;) component embedded,
then after mixing with the reference signal (w,), the component is frequency-shifted to the sum
(ws +w,) and difference (w; —w,) of the two mixing signal frequencies. The operation is equivalent to
a convolution in the frequency domain, as shown in Fig. 12.5B. In practice, the oscillator is usually set
to the frequency of interest, i.e., (ws = w,) and a low-pass filter (&) is applied to extract the frequency
component such that the extracted output signal (V(’,( )) can be expressed in terms of the magnitude
(R) and phase (6):

V()= 2L{V,(t)} = Re” (12.9)

The low pass filter determines the noise filtering effect and should be set according to the input
signal characteristics. The filter’s response can be described through a frequency-dependent transfer
function, H(w). Ideally, the low-pass filter only passes input signals with a frequency lower than a
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certain cut-off frequency. In practice, however, there exists a transition band between the pass-band
and stop-band wherein the input signal is not eliminated but is attenuated. Instead of resorting to
the filter’s frequency response function, several parameters are usually used to delineate a filter’s
features. For example, filter bandwidth is defined by the frequency at which the amplitude, |H(w)|, is
attenuated by 3 dB, and the cutoff frequency is the boundary where the signal is entirely filtered. The
slope of the transition band is described by the roll-off, which is usually in the units of dB/oct or dB/
dec. As indicated in the complex transfer function, a filter also introduces a phase delay, and the slope
of the phase shift, arg{H(w)}, determines the output signal’s time delay. Conventionally, the time
constant () characterizes the time taken for the output signal to become around 0.63 magnitude of its
steady state, and the settling time is the period to reach the steady state. While the time constant is
defined based on the system’s step response in the temporal domain, there exists a direct relation
between the time constant (7) and frequency bandwidth (f3dB), which can be proved by the fact that
pulse response is the derivative of step response:

Step response U(f) = A(1 — e_t/f) where t > 0

du(t) A
Impulse response 6(7) = d(f)) = ?e*’/f (12.10)
A 1 A
Frequency response 6(w) = = i =13 ol

where wg = 2mf35p = 1/7 denotes the cutoff frequency in radians. It is common to use time constant t
to adjust the bandwidth of LIA’s low-pass filter. Common low-pass filters include ButterWorth,
Chebyshev, and Elliptic filters, with filter orders defined analytically. While filter type and order should
be chosen depending on the input signal, the rule of thumb is that the filter bandwidth needs to cover all
of the (electric) signal’s significant frequency components. Furthermore, filter roll-off needs to adapt to
different acquisition conditions as well. For instance, a higher ADC resolution requires a higher roll-
off to differentiate finer amplitude levels. Under a low sampling rate scenario, a higher roll-off is also
needed to avoid aliasing. Finally, while a larger time constant (smaller bandwidth) results in a
smoother output signal, it leads to a slower response, and vice versa.

5. Applications

We have described some major performance metrics for an IR spectroscopic imaging system. DFIR
systems have led to advancements in many different fields spanning from digital histopathology to
polymeric detection. In this section, we will mention some of these well-established applications,
namely, protein spectroscopy and fast environmental screening of microplastics. We also outline the
numerous advantages for tissue imaging ranging from dramatic reduction in imaging time to enabling
new information by VCD measurements.

5.1 Protein spectroscopy

Proteins are extremely important biomolecules that are essential for a majority of biological processes.
IR spectroscopy is one of the analytical methods that provides structural and quantitative information
about proteins in liquid and solid states. These capabilities are leveraged in fields such as biomedical
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spectroscopy for tissue and body fluid analysis [47,48], as well as in biotechnology for the study of
enzyme activity [49]. QCL light sources have paved the way for highly sensitive protein spectroscopy
in aqueous solutions. Compared to thermal emitters such as globars, QCLs can emit much higher light
intensities [24]. This increased light intensity is particularly useful for any investigations in the amide I
and II regions, where the notoriously strong deformation vibration of H,O can lead to total absorption
even for very small path lengths. By using QCLs, it is possible to drastically increase the path lengths
of transmission cells [50]. With QCL spectrometers, path lengths of approximately ~32 um are
common compared to 8 um for state-of-the-art FT-IR instruments. Alone through the increased path
length, the amount of analyte in the cross-section can be increased by a factor of four resulting in an
increase in the signal by the same amount. Besides that, the bigger spacing reduces back pressure and
clogging of the transmission cells. Taken together, all these advantages enabled by QCL-based
spectrometers make it possible to analyze proteins directly in H,O, which avoids the common sub-
stitution of HyO by D,0O. Combined with the capability of IR spectroscopy to determine and quantify
different secondary structure elements based on their amide I and II band shapes [51,52], QCL
spectroscopy offers a tool for fast and reliable protein secondary structure analysis in aqueous solu-
tions. The capability to resolve different secondary structures of proteins is displayed in Fig. 12.6,
which shows the amide I band of bovine serum albumin (BSA), hemoglobin, a-chymotrypsin, -
lactoglobuline, and lysozyme. The bandshapes are largely influenced by the protein secondary
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FIGURE 12.6

IR absorbance spectra of 10 mg/mL (green solid line), 5 mg/mL (green dashed line), and 2.5 mg/mL (green
dotted line) protein solutions acquired by an EC-QCL setup (A—E) and 20 mg/mL (brown solid line) protein
solutions acquired by FT-IR spectroscopy. Gray dashed lines highlight the high congruence of the spectral
features between the IR spectra acquired by EC-QCL and FT-IR spectroscopy. Gray double-headed arrows
indicate the absorbance of 10 mAU.
Reprinted (adapted) with permission from Alcaraz et al. [53]. Copyright 2015 American Chemical society. Further permission
related to the material excerpted should be directed to the ACS.
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structure composition, which is noticeable when comparing BSA and B-lactoglobuline, which are
predominately composed of a-helical and B-sheet structures, respectively.

Besides applications in protein characterization [53,54], QCL spectroscopy is useful in the
investigation of extremely small concentrations of proteins. It is now possible to detect concentrations
as low as 0.0025 mg/mL, an order of magnitude lower than the concentrations that are accessible with
the state-of-the-art FT-IR instruments. This was achieved by the integration of balanced detection into
QCL-based spectrometers [37].

5.2 Microplastic analysis

IR spectroscopy is well-suited for the analysis of polymers and has been used in this field over decades
[55]. The different vibrational modes of polymers provide an excellent description of their chemical
structures and allow for the separation of different polymer types. In recent years, polymers in the form
of microplastics have become a major environmental concern. With spectroscopic methods, it was
possible to detect microplastics even in the most remote areas of the world [56—59]. It has been shown
in many studies how these microplastics have an adverse effect on living organisms through their
structural and chemical properties [60]. FT-IR and DFIR microspectroscopies are methods that have
been successfully applied to the screening of microplastic contaminated samples [61—64]. Besides the
pure qualitative characterization of the plastics, microscopy data provide information about the size,
shape, and number of plastic particles in the presentative sample. Nevertheless, one of the problems of
FT-IR microscopy is the lack of speed for the application to large-scale routine analysis. DFIR imaging
allows for a significant speed up in the analysis and is shown to provide equivalent information content
to common FT-IR imaging [62,63]. Primpke et al. report a tenfold decrease in imaging time using
DFIR imaging, while maintaining comparable levels of confidence in the microplastics detection.
Identification and classification of microplastics is an excellent example for an application where
highly resolved bandshapes and broad wavenumber availability are not essential to the task. Instead, a
high-level of confidence for the classification can be achieved by a simple, statistically viable selection
of discrete spectral points. The imaging time is reduced drastically in this way, since it becomes
unnecessary to assign regions of interest for the imaging process. Given these promising results, it is
expected that DFIR will become a key technique in the broad-scale environmental screening of
microplastics.

5.3 Tissue imaging

Tissue imaging is the field where DFIR imaging has found the most applications so far. The potential
of IR imaging as a histopathological tool is already well-known for FT-IR based systems [18,65].
Applications within the domain of digital histopathology for IR data cover tissue classification [66,67],
digital staining [68], and patient outcome prediction [69,70]. DFIR imaging provides comparable
information to FT-IR data with a significant speedup in imaging time. In contrast to FT-IR-based
systems, the imaging time for QCL-based DFIR systems is directly proportional to the number of
measured discrete spectral data points. Thereby, it is possible to exploit redundancies in the hyper-
spectral data set for a considerable reduction in imaging time [71—74]. Tiwari et al. [70,75] showed
that even for a very reduced number of spectral points, it is still possible to perform an excellent digital
staining on IR data. This work highlights how it is possible to accelerate the procedures significantly
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without a loss of performance. Fig. 12.7A shows the images of four different colon tissue cores at
amide I. The corresponding hematoxylin and eosin (H&E) staining is depicted in Fig. 12.7D.

Besides the applications that are already established by FT-IR imaging and can be enhanced by
DFIR imaging, the properties of QCLs allow new applications. QCLs are inherently polarized light
sources, which allow the easy integration of VCD imaging capabilities to QCL-based systems [76].
High SNR ratios of the DFIR instruments enable the measurement of minute changes in the response
to left- and RCP light. These differences in the absorbance can be attributed to molecular, macro-
molecular [77,78], and supramolecular [79—81] chirality. Phal et al. [34] showed how it is possible to
implement a QCL-based microspectroscopy system that is capable of measuring pixel-wise VCD
spectra. Utilizing a PEM, a QCL-based VCD spectroscopic imaging (QCL-VCD) is demonstrated in
Ref. [34]. The instrumentation design is shown in Fig. 12.8A. VCD measurements utilize the ab-
sorption difference between the right- and LCP light to detect sample’s chirality. The QCL laser pulses
pass through the 45° polarizer followed by a PEM with the retardance amplitude equal to 1/ 4, so that
RCP and LCP lights are generated periodically (Fig. 12.8B). After interaction with the sample, the
QCL pulses and the resulting VCD signal are demodulated using LIA acquisition scheme as
mentioned in Section 4 (Fig. 12.8). As expected, VCD signal is encoded at fyc| = fpem, Where fyc1 is the
pulse repetition rate and fpey, is the PEM resonance frequency. Compared with the conventional
Fourier Transform VCD (FT-VCD), the band-by-band acquisition scheme of QCL eliminates the need
to calibrate the wavelength-dependency. Furthermore, the high throughput of the laser source allows
acquiring comparable FT-VCD (typical 30 min to hours) protein spectra with shorter amount of time
(2 min) [34]. VCD spectra corresponding to wavenumber 1632 cm ™" and 1664 cm ™" are displayed in
Fig. 12.7B and C, respectively. Both wavenumbers lie within the range of the amide I absorption
whereas the absorption at 1632 cm ™! can be predominantly attributed to B-sheet secondary structures,
the 1632 cm ™' band represents primarily the o-helical elements. Detailed information about the
instrumental design and the usage of PEMs for polarization are described in earlier sections. The
applications for such an instrument are a great tool for scientific applications that aim for a better
understanding of chirality in biological processes. In pharmaceutical production, the problem of
enantiomeric separation is a critical step in the production process. VCD imaging of powder mixtures
for the analysis of enantiomeric purity has the potential to become an important tool in pharmaceutical
quality control.

5.4 Phase transition mapping

Ellipsometry is a routinely used technique to measure thickness and dielectric constants of thin films
by relating to the optical properties of the material. MIR is an extension of the generalized ellipsometry
technique that can be employed for mapping properties of samples arising specifically from polari-
zation. Specific combination of waveplates and polarizers can be used to acquire the polarimetric
parameters, for instance, ellipsometric measurements. Spectroscopic MIR ellipsometry can be used to
infer not only the sample thickness but also the chemical contrast by acquiring complementary phase
and amplitude images concurrently [82,83]. Upon illumination of the polarized light, the light—matter
interaction can induce the phase transition and light attenuation, which are closely related to optical
properties of the sample. A typical ellipsometry instrumentation (Fig. 12.9) includes a pair of polar-
izers, where the first one restricts the polarization state of the incident beam, and the second one detects
the induced polarization components caused by the sample. Since the second polarizer is typically
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FIGURE 12.7

(A) Infrared amide | (1648 cm™!) absorption, (B) 1632 cm™* VCD, (C) 1664 cm~* VCD, and
(D) corresponding H&E-stained images of four samples from a TMA with normal (15) and various grades of
malignant (B12, G5, B6) colon tissue cores. The infrared absorbance and VCD data are acquired in
transmission configuration. The alphabetic and numeric identifiers for each core correspond to the row and
column of the TMA, respectively. All scale bars are 250 pm.
Reprinted (adapted) with permission from Phal et al. [34]. Copyright 2021 American Chemical society. Further permission related
to the material excerpted should be directed to the ACS.
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FIGURE 12.8

Vibrational circular dichroism spectroscopic imaging microscope design. (A) Schematic of the point-scanning
microscope configuration. QCL pulses repetition frequency (foc ) is modulated by a PEM (resonance
frequency foppm) and the resulting signal is acquired using a lock-in amplifier (LIA)-based detection scheme.
(B) Illustration of circularly polarized light generation through PEM modulation LCP, left-circularly polarized
light; Py, 45° polarizer; RCP, right-circularly polarized light; slow/fast: slow and fast optical axes.

Reprinted (adapted) with permission from Phal et al. [34]. Copyright 2021 American Chemical society. Further permission related

to the material excerpted should be directed to the ACS.

used to examine the sample’s optical characteristics, it is called an analyzer. As mentioned in Section
2, polarization states can be formulated with a combination of two different orthogonal components.
The electric field vector of any electromagnetic wave, even for an arbitrary polarized light, can be
described using a polarization ellipse, denoted by the ellipsometric angles, orientation angle y-, and
ellipticity A. The polarization ellipse is then described by the equation, p = tany -¢’®

Ellipsometric measurements can determine both the real and imaginary parts of the complex
dielectric function € = €| -+ i€, which directly relates to the complex refractive index, 7, and the
attenuation coefficient, k, by the equation 7 = (n +ik). Depending on the sample’s structure, the
complex refractive index (n) may vary with polarization states. Therefore, at least four different
settings of the polarizer pair are essential for ellipsometry measurements. Using regression analysis on
the acquired measurements, ellipsometric parameters including sample thickness, incident wave-
length, and complex refractive index can be derived. For example, to evaluate the induced 0° polari-
zation component from incident 90° polarization, the fast axis of the first polarizer is adjusted along
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FIGURE 12.9

Schematic of ellipsometry instrumentation with incidence angle ¢. An ellipsometric measurement optical
setup consists of a light source, a polarizer, an analyzer, and compensators, where the polarizer and analyzer
synergically interrogate the phase transition induced by the sample. The compensators are optionally used to
produce phase retardation to increase data acquisition efficiency.

90° while that of the analyzer is adjusted along 0°, and vice versa for the polarization pair of 45° and
135°. Interested readers are encouraged to refer Ref. [84] for a detailed mathematical derivation. The
series of measurements can relate to the ellipsometric angles as follows:

Moo — o
cos2y =——
Togo + I (12.11)
Iys0 — I1350 '
sin 2 y cosA = A4 LY

Iyso + L1350

In general, for anisotropic sample measurements that are highly sensitive, it is advised to acquire
phase transition over a large range of incidence angles. Another alternative is to fix the polarizer angle
and rotate the analyzer. Incorporation of a PEM (Section 4) or liquid crystals as compensators can
modulate the phase and achieve higher efficiency. By determining the complex refractive index,
detailed information regarding the structural properties of the sample including morphology and
crystallinity can also be mapped. Characteristic vibrational bands such as carbonyl, alkene, and amide
can be used to elucidate molecular orientations that pertain to the optical anisotropy, chemical
composition, morphology, and film thickness in such samples. Demonstrations spanning phase and
amplitude mapping of heterogeneous surfaces to time-resolved temperature-dependent mapping of
phase have been shown. It is especially useful for studying thin-film phase transitions [85].

6. Summary

QCL sources have unfolded new opportunities in the field of IR spectroscopy. The fundamental light
source difference has led to revolutionary changes in instrumentation design. Contrary to spectral
multiplexing resulting from interferometry, the band-by-band based laser pulse emission of QCLs
requires a more sophisticated control architecture. This further necessitates unique tailoring for
different laser scanning modes and additional devices. With the prior sample’s chemical feature in-
formation, the high spectral power can enhance the data acquisition efficiency where only significant
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spectral bands are acquired while reducing the scanning time. Furthermore, using noise reduction
strategies including signal processing and modulation techniques, better trade-off between the scan-
ning speed and SNR can be achieved by the recent advancements in computational power. The speed
advantage also allows for more complicated algorithms feasible in real time and broadens the potential
applications such as in a clinical setting.

Equipped with these unique properties, QCLs have demonstrated its capabilities in various fields.
The high SNR enables a large-scale chemical mapping that is not practical for conventional IR
spectroscopy imaging. For example, it benefits environmental studies for microplastic screening and
histopathological image analysis on large biological samples such as tissue microarrays. Moreover, the
high sensitivity enables better detection limits for common applications such as protein analyses.
Additionally, by integrating with polarization modulation devices, QCLs can dramatically reduce the
scan time required for weak polarization changes signal such as that from vibrational dichroism.
Overall, while the implementation introduces radical changes in instrumentation design and distinct
SNR characteristics, QCLs have showcased the capabilities in IR spectroscopy and imaging appli-
cations as well as the potential for the advancements of next-generation IR spectroscopic imagers.

7. Future perspectives

IR spectroscopy and microspectroscopy have been constantly pushing the limits in terms of both
accuracy and precision of its measurements. The field has seen substantial improvements in the last
decades in terms of accuracy, and the pace of innovation in recent years suggests no end of this
development in the near future. By far the most defining upheaval of the past years is the broad
integration of QCLs into this specific field of spectroscopy. With the rise of the QCL, spectral and
spatial accuracy could be brought to a new level. In laser-based spectroscopy, the limiting noise factor
at this moment can be attributed to laser instabilities. Balanced detection is one of the technological
innovations that allow to mitigate exactly that problem. Another approach relies on the leveraging of
the electric field that is emitted by impulsively excited molecular vibrations. Thereby the laser-
associated noise can be almost completely eliminated. Similar to photothermal and photoacoustic
effects, the evaluation of the electric field is leveraging secondary effects instead of directly evaluating
the absorbance signal itself. Increasing interest in the secondary effects of the IR radiation has led to a
paradigm shift and is promising to enable new levels of accuracy. This is of particular relevance to the
application on biofluids where minute spectral changes can be observed to investigate biomarkers that
are predictive of certain health conditions. At this point in time, it is not unlikely that the increase in
accuracy will make IR spectroscopy a game changer in shifting the health sector from acute to pre-
ventive treatment. A second major implication will be the better understanding of biomolecular in-
teractions. Two major preconditions need to be fulfilled to allow for these types of investigations: high
time resolution and high SNR. If both factors are ensured, another application could lie in the eval-
uation of secondary effects of the IR radiation. Additionally, techniques such as IR-OH promise way
faster imaging times that will be extensively beneficial. IR-OH measurements contain a not yet seen
information content, extensive compositional and excellent spatial information. With high quality
chemical and morphological tissue data, combined with artificially intelligence, this will be the next
leap forward.
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